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PREFACE 


This publication is a compilation of the papers presented at the First 
Annual Large Space Systems Technology (LSST) Program Technical Review conducted 
at the Langley Research Center on Mcvend>er 7-8, 1977. The Review provided per- 
sonnel of government, university, and industry with an opportunity to exchange 
information, to assess the present status of technology developments on the LSST 
Prog^^uB, and to plan the development of new technology for large space systems. 

The papers describe items of technology or developmental efforts that 
were accomplished during Fiscal Year 1979 in support of the LSST Program and 
were prepared by those in government, university, and industry who performed the 
work. These papers were divided into three major areas of interest: (1) tech- 

iK>logy pertinent to large antenna systems, (2) technology related to large space 
platform systems, and (3) activities that sup^rt both antenna and platform 
systems. 

This compilation provides the participants and their organizations with the 
papers presented at the Review in a referenceable format. Also, users of large 
space systems technology can follow the development progress with this document 
and subsequent ones. The LSST Program Office, Langley Research Center, which 
hosted the Review, will utilize this information as an aid in its measur^nent 
of performance and in planning future tasks. The historical background of the 
LSST Program is given in the introduction to NASA CP-2035, 1978, which covered 
a NASA/industry seminar that provided ideas and plans to the Program Office for 
its initial year of operation. 

This publication was expedited and enhanced through the efforts of 
Earl H. Arrowood, Documentation Manager of the LSST Program Office, and the 
staff of the Scientific and Technical Information Programs Division, Langley 
Research Center. 

The use of trade ncunes or manufacturers* names in this publication does 
not constitute endorsement, either expressed or implied, by the National 
Aeronautics and Space Administration. The requirement that all dimensional 
quantities be expressed in the International System of Units (SI) has been 
waived. A table of conversion factors from O.S. Customary Units to SI Units 
is included on page viii. 
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ANTENNA TECHNOLOGY DEVELOPMENT AT JPL - SUMMARY 


R. E. Freeland 
Jet Propulsion Laboratory 


LSST 1st ANNUAL TECHNICAL REVIEW 


November 7-8, 1979 



Objectives 


To determine the applicability of the axisymmetric wrap-rib reflector 
technology for offset feed configurations for antennas up to 100 meters in 
diameter for operation up to 11 GHZ to establish technologies requiring 
development. 

To estimate the potential mechanical performance of the Advanced 
Sunflower Precision Deployable Antenna Concept for antennas up to 30 meters in 
diameter for operation up to 100 GHZ and above along with the identification 
of critical technologies to formulate a rational development program. 

The verification of in-flight antenna surface precision for design 
validation and/or automated figure control will require the capability for 
remote measurement. The FY'79 objective is to identify, evaluate and 
demonstrate concepts for the specific antennas under development. 

The applicability of specific concepts for potential missions is usually 
first evaluated analytically. A simplified and cost effective analytical 
capability, intended for such a first assessment of the specific concepts 
under development, is required. The FY'79 objective is to develop technical 
approaches for such a development. 

0 TO DETERMINE THE APPLICABILITY OF THE WRAP-RIB DEPLOYABLE ANTENNA CONCEPT 
FOR OFFSET FEED CONFIGURATIONS. 


0 TO DETERMINE THE LIMITS OF POTENTIAL PERFORMANCE FOR THE ADVANCED 
SUNFLOWER PRECISION DEPLOYABLE ANTENNA CONCEPT. 


0 IDENTIFY. EVALUATE AND DEVELOP SURFACE MEASUREMENT SYSTEMS FOR THE 
ANTENNAS UNDER DEVELOPMENT. 


0 TO DEVELOP TECHNICAL APPROACH FOR A SIMPLIFIED ANALYSIS CAPABILITY 
FOR THE PREDICTION OF ANTENNA MECHANICAL PERFORMANCE. 
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Accomplishments 

Development of the optimum configuration for the offset feed reflector 
structure by LMSC extensively exploited the axisymmetric technology. Feed 
structure functional requirements were based on potential reflector capability. 
The technology development plan considers analysis, design, manufacturing, 
assembly ground testing and facility requirements. 

Development of the Advanced Sunflower Precision Deployable Antenna Concept 
by TRW indicates the largest diameter for bcsic concept is 12.5 meters for 
operation up to 100 GHZ. Advanced configurations show diameters up to 26 
meters for operation up to 60 GHZ. Critical technologies were developed for 
both configurations. 

Several surface measurement systems were evaluated analytical ly. 

Hardware conceptual demonstrations were accomplished for the UiSC structural 
alignment and JPL self-pulsed systems. The LMSC system demonstration 
measurement resolution of 0.20 im. with a CO2 and Helium-Neon laser. The 
JPL system demonstrated an unambiguous measurement with a resolution of 0.15 
mm. 

Technical approaches, that will be implemented during FY'80, have been 
developed for the analytical prediction of reflector surface precision. This 
capability will cover thermal distortion and structural /control interaction 
for specific concepts. The approaches are intended for simplified or first 
cut characterizations of potential performance. 


0 COMPLETED OPTIMIZATION OF OFFSET WRAP RIB REFLECTOR STRUCTURE. DEVELOPED 
REQUIREMENTS AND CANDIDATES FOR FEED STRUCTURE ALONG WITH TECHNOLOGY 
DEVELOPMENT PLAN. 

0 DETERMINED SIZE AND RF FREQUENCY LIMITS FOR BASELINE CONFIGURATION. 
DEVELOPED ADVANCED CONCEPTS FOR LARGE SIZE PRECISION DEPLOYABLE ANTENNAS 
ALONG WITH CRITICAL TECHNOLOGY IDENTIFICATION. 

0 SEVERAL SURFACE MEASUREMENT SYSTEM CONCEPTS WERE EVALUATED INCLUDING THE 
mSC STRUCTURAL ALIGNMENT AND JPL SELF-PULSED SYSTEMS WHICH WERE EVALUATED 
WITH HARDWARE SYSTEMS. 

0 DEVELOPED BASIC TECHNICAL APPROACH FOR SIMPLIFIED ANALYTICAL PREDICTION 
OF ANTENNA MECHANICAL PERFORMANCE. 
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BACKGROUND AND STUDY OBJECTIVES 


A ten month contract for "Study of Wrap Rib Antenna Design" was under- 
taken by Lockheed Missiles and Space Company, Inc. in January 1979. This 
contract was originated by Jet Propulsion Laboratory in direct support of 
the Large Space Structures Technology Program. 

The objectives of the contract are summarized in Figure 1. LMSC was 
to perform a study of the Wrap Rib Antenna Design and determine the appli- 
cability of the design for offset feed configurations for antennas up to 
300 meters in diameter. In addition, a technical approach was to be dev- 
eloped and costed which would provide a high degree of confidence for the 
space flight application of a large Wrap Rib Antenna. 


• CHARACTERIZE OFFSET AND SYMMETRIC WRAP RIB REFLECTORS 

• IDENTIFY AND QUANTIFY CRITICAL DEVELOPMENT TECHNOLOGIES 

• IDENTIFY ROM COST AND SCHEDULES FOR DEVELOPMENT 

• DEVELOP A TECHNOLOGY PLAN FOR LOW RISK DEMONSTRATION 


V 


Figure 1.- Study objectives. 




STUDY TASKS 


The specific technical tasks performed in support of this contract 
were to (a) define the wrap rib aatenna design for both symmetric and off- 
set configurations in terms of surface quality » cost, weight and mechan- 
ical complexity, (b) develop a supporting deployable feed support struc- 
tut<, and characterize it in terms of performance impact, cost, weight and 
mechanical complexity, and (c) develop a technical a'proach for implemen- 
tation consisting of a combination of analysis aud component test, model 
testing, and possibly space flight hardware demonstrations. 

These tasks are summarized in Figure 2. 



1.0 


TRADE ANALYSIS - 6 MONTHS 



- DEFINE SURFACE QUALITY VS DIAMETER 

- DEFINE WEIGHT VS DIAMETER /SURFACE QUALITY 

- DEFINE MECHANICAL DIFFERENCES BETWEEN OFFSET 
AND AXI-SYMMETRIC CONFIGURATIONS 

- DEVELOP FEED SUPPORT STRUCTURE CONFIGURATIONS 

- DEFINE ROM ANTENNA COST DATA 

- IDENTIFY AND QUANTIFY CRITICAL TECHNOLOGIES 


\ 




2.0 PROGRAM PLAN - 9.5 MONTHS 




DEVELOP TECHNICAL PROGRAM APPROACH FOR UP TO 
300 M 

IDENTIFY ANTENNA ANALYSIS /TESTING /VERIFICATION 
OBJECTIVES 

IDENTIFY COMPONENT /MODEL LEVEL OBJECTIVES 
IDENTIFY FULL UNIT 1-G AND FLIGHT LEVEL OBJECTIVES 
IDENTIFY AND QUANTIFY TECHNOLOGY ITEMS 
IDENTIFY FACILITY REQUIREMENTS 



^ m FINAL REPORT - 10 MONTHS 



Figure 2.- Study tasks/schedule. 



ANTENNA GEOMETRY 


To date the large antenna systems are most commonly constructed as 
synanetric reflector systems. This geometry is shovm in the left of 
Figure 3. Concjms with efficiency and side lobe levels have recently 
placed emphasis on the offset feed configuration shown in the right of 
the figure. 

Geometrically an offset reflector is described by a parabolid where 
the geometric centerline is not coincident with the parabolic axis of 
s>Tnmetry. In order to gain the electrical advantages of reduced block- 
age, the parabolic axis and, therefore, the focal point must in fact be 
located external to the section aperture. This section can most easily 
be visualized by forming a large paraboloid of diameter D and then pass- 
ing a cylinder, with a parallel axis of symmetry, through the paraboloid. 
If the cylinder has a diameter (d) less than D/2 and its radius is 
common with the radius of the parabola, the section of the paraboloid 
bounded by the cylinder is representative of the desired offset reflector 
surface. Further, if D/2-d is larger than the radius of the feed and the 
feed support structure is attached external to the radius of the offset 
section, there is no blockage of the electrical field of view. 



Figure 3.- Symmetric and offset antenna configuration comparison. 
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ASCENT AND DEPLOYMENT CONFIGURATIONS 


Figure 4 presents an overview of the ascent sequence through the 
operational state of the vehicle. The SIS stack shows an lUS attached to 
a vehicle from which the stowed feea support tower and reflector are at- 
tached. After achieving the desired operational orbit the deployment se- 
quence begins with the tower extending, separating the vehicle from the 
reflector. The final event is the reflector deployment which occurs after 
the feed support tower has been completely deployed. The operational 
vehicle configuration was chosen to place the feeds, electronics and elec- 
trical power system components, together for maxiratmi efficiency since for 
the offset configuration this package does not block the antenna aperture. 



Figure 4.- Ascent configuration and deployment sequence. 
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WRAP RIB REFLECTOR DESIGN 


The vrap-rib parabolic reflector is based on an approximation to a 
paraboloid of revolution. The vrap-rib antenna is comprised of radially 
enmanating gores between the ribs which take the form of parabolic cylin- 
ders. The parabolic cylinders more closely approximate a true paraboloid 
ol revolution as the nmd>e^ of gores is increased. The point of diminish- 
ing returns for this reflector in terms of antenna performance is a func- 
tion of both the radio frequency wavelength of interest and the reflector 
diameter. Figure 5 illustra*^ *s the physical appearance of the resulting 
reflector. 

The gores are fabricated from a flexible membrane material which is 
usually a knitted or woven fabric of electrically conductive material. 

The gores are sewn to parabolically curved cantilevered ribs terminated 
at the central hub structure in a hinge fitting. For launch the antenna 
must be folded into a package size which will fit into the shuttle trans- 
portation system. For stowage the ribs are rotated on the hinge pin, then 
elastically buckled and wrapped around the hub. Once in space, the re- 
flector is deployed by a deployment restraint mechanism which simply con- 
trols the rate of energy release and therefore the deployment rate. 
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REDEPLOYABLE MAST 


The key elements in the Redeployable Mast are the three lenticular 
shaped longitudinal members which can support an appreciable load when 
erect, but which can be folded upon themselves through the application of 
lateral and axial forces. For resisting torsional and lateral shear forces, 
wire tension cables are provided. The battens are necessary for support- 
ing section hinges and for resisting the lateral, destablilizing cable re- 
actions. 

Figure 6 shows the overall mast system and emphasizes the stowage 
and deployment systems. The inner system performs the actual, section- 
by-section deployment and retraction of the mast through the use of three 
syncronous motor, sprocket, chain and development cog systems. It also 
serves as the bottom mast section until that section, itself, is fully 
erect. The guide rails in which these devices operate, are also provided 
with ramp c ams which actuate the strikers for collapsing the lenticulars 
during retraction. The outer base system acts as the stowage bay for bcth 
the mast sections and the inner base system which must be extended during 
mast extension or retraction, but to minimize stowed length is retracted 
into the outer base system during full stowage. A chain drive system is 
also provided for the latter purpose. 



Figure 6.- Redeployable mast. 
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STUDY APPROACH 


The approach taken to develop the parametric design and performance 
data focussed on the construction of a computer aided reflector and mast 
design packages. The reflector design package was constructed to accept 
basic material and structural element characteristics and develop design 
solutions which satisfied these inputs and the mission constraints of 
weight, stowed diameter and antenna system geometry. The developed de- 
signs were then analyzed to determine the extent of orbital and assembly 
surface errors, deployment integrity, and development costs. 

Having defined the reflector size and operational frequency, a mast 
design could be developed with a design constraint that the pointing error 
be held to less then 0.05 beam widths. The mast design package approach 
was similar to the reflector package. 

This developed program is overviewed in Figure 7. 
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CHARACTERISTICS — i 

STRUCTURAL 
CHARACTERISTICS — i 

MATERIAL 

CHARACTERISTICS — i I 
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Figure 7.- Modeling approach. 
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COMPUTER PROGRAM OVERVIEW 


The computer program assembled for this study of necessity provided 
more capability than a simple parametric study tool. In fact it is re- 
quired to generate a complete preliminary design and performance analysis. 
This resulted in a flow chart and data output which, al though meaningful, 
requires extensive discussion to make the reviewer comfortable. The final 
study report will contain this information, and for this overview Figure 8 
was selected to introduce the operation. 


This figure contains a flow chart developed from study case input 
data, computer programs, and output data. There are thirty-six input 
values, two of which describe mission constraints {weight and stowed dia- 
meter). The remaining variables are design and material characteristics. 
Tte main computer program develops the required coispatible antenna designs 
and directly outputs a summary of the key output parameters while 
writing ail of the detailed information to a file. Any or all of the de- 
sign cases can be recovered in a readable form at a time selected by the 
user. This detailed information contains complete element design descrip- 
tions, weight breakdown and performance budget and can be used as a base- 
line preliminary design. 


OET AILED DESIGNS 




I COST ALGORITHM 
I THERMAL DISTORTION 
f MAST DESIGN 
I AIB STABILITY 
I KEFLECTOn DESIGN 

SYMMETRIC 
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OFFSET 

ANTENNA 

design 

PACKAGE — ' 


♦ 

OUTPUT FILES 


INPUT DESIGN CONSTRAINTS 


FILE DATA 
PROCESSOR 


SUMMARY OUTPUT 


Figure 8.- Antenna optimization package overview. 
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Figure 9 illustrates the effect that limiting the antenna weight 
has on the resulting system capability. With allowable antenna weights 
greater than approximately 4500 Kg (.- 10»000 lb.), the maximum aperture 
diameter at a given operating frequency is limited by the STS diameter. 
As the weight limit is reduced, a corresponding reduction in the maximum 
aperture at a frequency can also be anticipated. The performance advan- 
tage the offset antenna configuration has over the syimnetric system is 
also evident in that for any aperture diameter, the offset system will 
operate at a higher frequency, and at any frequency a larger offset re- 
flector is possible than for the symmetric case. 

SIS DIAMETER CONTRAINED 


13620 KG (30.000 LBS) 
2270 KG (5.000 LBS) 
@ 68t KG (1.500 LBS) 

OFFSET 

ANTENNA 

SYMMETRIC 

ANTENNA 


0 100 200 300 400 

(328) (656) (984) (1312) 

APERTURE DIAMETER - M (FT) 

Figure 9.- Antenna aperture limits. 
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The analysis performed included calculations of the resulting system 
stowed length. As could be anticipated, the offset system exhibits a 
longer package than the synmetrlc counterpart as shown in Figure 10. This 
is due to the additional feed support tower length required. 


STS DIAMETER CONSTRAINED 



APERATURE DIAMETER - M (FT) 


Figure 10.- Stowed diameter characteristics. 
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Using essentially no bounds on the allowable antenna weight (= 5000 
Kg), the maximum reflector aperture is limited by the STS diameter and, 
as will be shown later, the allowable surface figure. The STS diameter 
limit causes the number of ribs to reduce as the aperture diameter in- 
creases. These results shown in Figure 11 indicate an increased surface 
error and a corresponding reduction in operating frequency. 


STS DIAMETER CONSTRAINTED 
OFFSET REFLECTOR 



APERATURE DIAMETER-M (FT) 


Figure 11.- Antenna weight characteristics. 
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The surface figure of a graphite epoxy reflector structure is a fun- 
ction of six separate causes; rib segment fab’^ication, rib assembly, re- 
flector assembly, viscoelastic creep, thermal distortion, and designed 
surface approximation. 

The total effect of these errors was taken as the root-sum-squared 
(RSS) of the individual error components. 

The surface approximation and the thermal distortion are the domin- 
ant error contributors for the cases performed. It is interesting to 
note from Figure 12 that, for the smaller (less than 300 meters) symmetric 
apertures and correspondingly higher frequencies, the thermal distortion 
is the larger of the two while at larger apertures and lower frequencies, 
the surface approximation dominates. This is due to the limiting effect 
of the STS diameter constraint which takes over at about that point. 

STS DIAMETER CONSTRAINED 
SYMMETRIC ANTENNA 



APERATURE OIAMETER-M (FT) 


Figure 12.- Surface figure characteristics. 
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The longer £/D ratio for the offset antenna causes the surface ap- 
proximation errors to be less than for the symmetric system. As a result, 
the thermal distortion error for the offset reflector. Figure 13, is the 
dominant factor thoughout the area of interest. 


STS DIAMETER CONSTRAINED 
OFFSET ANTENNA 



APERATURE DIAMETER -M (FT) 


Figure 13.- Surface figure characteristics. 
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When the weight limit of 2300 Kg is applied, the surface approxi- 
mation error for the symmetric case was found to become dominant at a 
much smaller aperture. This occurs due to the decrease in the number of 
ribs that must occur at a given diameter in order to meet the weight con- 
straint. Th. effect can be seen by comparing Figures 12 and 14. 


STS DIAMETER CONSTRAINED 
SYMMETRIC ANTENNA 
2270 KG (5000 LB) WEIGHT LIMIT 



(328) (656) (984) (1312) 

APERTURE DIAMETER - M (FT) 


Figure 14.- Synchronous P/L surface characteristics. 
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When the 2300 Kg weight constraint is applied to the offset antenna, 
the surface approximation error more closely matches the thermal distor- 
tion contribution. Comparison of Figures 13 and 15 illustrate this effect. 


STS DIAMETER CONSTRAINED 
OFFSET ANTENNA 



APERTURE Diameter- M (ft) 


Figure 15.- Synchronous P/L surface characteristics. 


20 



Limiting the allowable reflector weight to 680 Kg results in a sur- 
face figure that is almost totally driven by the surface approximation 
contribution and in fact, the thermal errors become coiq>arable to those 
associated with material properties and fabrication capabilities. This, 
shown in Figure 16, is due to the greatly reduced aperture associated 
with the lighter system. 


STS D1AM6TER CONSTRAINED 
SYMMETRIC ANTENNA 



0.02S« 50 100 ISO 200 

(160) (328) (098) (656) 

APERTURE DIAMETER -M (FT) 


Figure 16.- Synchronous component surface characteristics. 
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Applying the 680 Kg limit to the offset reflector. Figure 17, 
has the sanK effect on the error distribution as for the syninetric an- 
tenna. The effect of the higher f/D ratio can be readily seen in com- 
paring this and the previous chart. 


STS DIAMETER CONSTRAINED 
OFFSET aNTENNA 
6t0 KC M 500 LB) WEIGHT LIMIT 

( 1 . 0 ) 



APERTURE DIAMETER - M (FT) 


Figure 17.- Synchronous component surface characteristics. 
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The relationship the f/D ratio has on the frequency and aperture 
are illustrated in Figure 18. A given offset reflector %rith a parent 
f/D ratio of 0.25 will not perform at the same frequency as the same 
reflector configured with an f/D ratio of 0.50. Conversely, at a given 
frequency, a larger aperture can be made to work at an f/D ratio of 0.50 
than at 0.25. This effect Is present up to an f/D ratio of «q>proximately 
0.75. Beyond chat, the curvature effect is not discemable. 

The reason for this effect is due to the segmented reflector geo- 
metry. As Che reflector curvature becomes less (higher f/D and flatter 
reflector) the effect of the flat panel approximation beccmies less sig- 
nificant. In Che limit, trith an f/D of infinity, the reflector would 
be a flat plate and the segmented reflector would exactly approximate 
the surface. 
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APERTURE DIAMETER - M (FT) 


Figure 18.- Antenna system sensitivity to F/D. 




Because of the inpact of thermal distortion on the antenna perfor- 
mance, it is important to understand the causal parameters. One of the 
major contributors is the coefficient of thermal expansion (CIE). 
the majority of the analyses performed on this study, a CTE of I x 10 '/°F 
vas chosen to reflect a graphite epoxy reference structure. The performance 
sensitivity to this property can be seen in Figure 19. 

Another property of the structure materials chat has a significant 
effect on performance is the thermal conductivity. The advent of metal 
matrix composites (MfC), lAich combine the distortion coefficient of 
the graphite fibers with the thermal conductivity of metals, has had a 
significant effect on the projection of antenna performance. 


The top curve on this chart was prepared using the pr^erCies typ- 
ical of graphite magnesium IHK. The CTE used is 1 x 10~^ F and the 
thermal conductivity is 18 BTU/HR-°F-FT. The corresponding K for the 
graphite epoxy structure is 13.5 BTU/HR-®F-FT. 



(ISM) (MU) («SI2) 

APERTURE DIAMETER -FT(M) 


Figure 19.- Antenna sensitivity to material characteristics. 
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Throughout the analyses thus far presented, the rib configuration 
has been held as a constant varying only in length and parabolic shape. 
This lenticular rib has a hub attachoient cross section (rib root) of 
one inch wide, 4 inches high and a width taper of 2:1. The effect of 
changing the rib root geoaetry to 5 inch wide, 20 inches high can be 
seen in Figure 21. Increasing the rib width and height of the rib has 
the effect of reducing the number of ribs that can be attached to the 
hub. This in turn, reduces the useable operating frequency at a given 
diameter. 

STS DIAMETER CONSTRAINED 
RIB WIDTH COMPARISON 



APERTURE DIAMETER- M (FT) 


Figure 21.- Antenna system sensitivity to rib design. 
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PROJECTED ANTENNA COSTS 


Figure 22 presents the projected cost for an offset antenna as a 
function of aperture size, weight and operating frequency. The data 
show that for low frequency apertures the cost is reasonably propor- 
tional to weight or diameter. As operating frequency limits are pushed 
the costs start to rise rapidly. This seems to occur in the 50 to 100 
million dollar range for frequencies greater than 2 GHz. 



Figure 22.- Offset antenna cost projections. 
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OFFSET VS SYMMETRIC COST CC»lPARIS(Mi 


The data presented In Figure 23 present the cost factor for an 
offset antenna. This increase is between 15 and 30%. The 30% factor 
is dominated by size and extra mast length costs, while at the higher 
frequencies the costs for maintaining a highly accurate reflector sur- 
face dominate. 


-STS DIAMETER CONSTRAIWED- 



Figure 23.- Offset vs. symmetric antenna cost comparison. 
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TECHNICAL CONCERNS 


The results of the Investigation were surprising and satisfying. 
Earlier projections indicated the appropriateness of the Wrap Rib for 
large diameter antennas, and these projections have been reinforced. 
Technical!}^ however, these are some concerns which must be addressed 
prior to a program undertaking. Figure 24 summarizes these concerns. 
The first four items can only be satisfactorily addressed through a 
hardware program. Further studies will resolve the latter three. 


f ^ 

• ACCURACY OF ANALYSIS OVER 1-1/2 ORDERS OF MAGNITUDE 

• MANUFACTURABILITY OF LARGE COMPONENTS 

• ASSEMBLY ALIGNMENT FACILITY REQUIREMENTS 

• MESH MANAGEMENT DURING DEPLOY /RETRACT 

• VEHICLE STABILITY REQUIREMENTS DURING DEPLOYMENT 

• LACK OF l-G TESTABILITY (CONTOUR AND STRENGTH) 

• OPERATIONAL CONTROL SYSTEM INTERACTION /STABILITY 

V / 


Figure 24.- Performance projection technical concerns. 



PROGRAM PLAN 


The final study activity was expended reviewing the concerns with 
undertaking a space flight program dennnstratlon of a large diameter 
Wrap Rib antenna. The projected costs and technical risks Identified 
the necessity of developing an early data base at a size which could 
comfortably be analytically scaled and which would reduce risk through 
demonstration. This program^ identified in Figure 25, would Involve 
developing a testable segment of a 50 M aperture. This would be used 
to validate the design and provide a scaling factor of 2 or 3 for the 
100 to 150 M missions. The dominant effects of thermal distortions in 
the performance projections indicate orbital surface adjustment may 
prove cost effective and should be investigated. Finally, since the 
design is being defined, the stability and control system interactions 
and limitations should be identified. 




ESTABLISH •. COST EFFECTIVE SO M DATA BASE 




V, 


• MANUFACTURE AND TEST COMPONENTS /PROCESSES 

• ASSEMBLE l-C TESTABLE SEGMENT 

• DEMONSTRATE DEPLOYMENT AND RETRACTION 

• MEASURE DEPLOYED CONTOUR WITH OFFLOADING TEST AID 

• UPDATE DESIGN AND DESIGN ALGORITHM 


EVALUATE BENEFITS OF INCORPORATING ACTIVE FIGURE CONTROL 




• ONE TIME ADJUSTMENT 

• CONTINUOUS ADJUSTMENT 

• DEGREES OF FREEDOM REQUIRED 

• COSTS 


INVESTIGATE CONTROL SYSTEM INTERACTION 


J 




• DEFINE PRELIMINARY REQUIREMENTS 

• INVESTIGATE ACTIVE DAMPING AND DISTRIBUTED CONTROL SYSTEM 


Figure 25.- Risk resolution/development plan. 
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STUDY CONCLUSIONS 


As with any study one must be conservative when drawing conclusions. 
In this case we can conservatively draw those indicated in Figure 26. 

It is hoped that further activity will defend the reasonableness of de- 
signs which are at the limits Indicated by the technical work performed. 


f \ 

• OFFSET WRAP RIB ANTENNAS UP TO 150 M DIAMETER ARE FEASIBLE 
FOR OPERATION AT 2 TO 3 GHz 


• STS COMPATABILITY IS NOT A DESIGN DRIVER 


• COST AND TECHNICAL RISKS INDICATE A NEW DATA BASE REQUIRED 
PRIOR TO UNDERTAKING 100 TO 150 M DESIGNS 


• FURTHER ACTIVITY SHOULD INCLUDE ACTIVE SURFACE CONTROL AND 
CONTROL SYSTEMS INTERACTION STUDIES 


V 


Figure 26.- Study conclusions. 
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ADVANCED SUNFLOWER ANTENNA 
CONCEPT DEVELOPMENT 


J. S. Archer 
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LSST 1ST ANNUAL TECHNICAL REVIEW 


November 7-8, 1979 


This report is a summary of the results of a study performed at TRW to 
determine the feasibility of stowing large solid antenna reflectors in the 
shuttle using the Advanced Sunflower Concept developed at TRW. This work was 
sponsored by JPL as part of its study of precision self-deployable antenna 
systems, which in turn is part of the NASA Large Space Systems Technology 
(LSST) program. 
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STOWED REFLECTOR CONFIGURATION 


The basic deployment concept was original 1> developed at TRW to meet 
the requirement for large diameter (D/X > 1000), high accuracy reflectors 
to be used in the 10 to 100 GHz range or higher, within the constraints 
of the shuttle. 

The folded petal concept provides hinged connections along adjacent 
edges of all panels. Bending and shear continuity is thereby provided 
throughout the cont'^ur in the deployed aspect. All elements are released 
and deployed simultaneously. 
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ORIGINAL F'AQI lA 
OF. POOR QUALfTV 


VK»K STATEMENT TASKS 


The study focused on two major tasks. The first was to conduct an 
Investigation of the original deployment concepts, including the following: 

1. Determine the largest antenna of this design 
stowable in the shuttl' payload compartment. 

2. Determine the upper boundary for surface quality vs. antenna diameter, 
j. Determine packing efficiency and weight vs. diameter. 

4. Develop R(%i cost estimate vs. diameter and surface quality. 

j. Perform the above tasks for offset fed antennas. 

6. Identify critical technologies required for construction of 
these antennas. 

The second task involved the development of advanced designs which would 
allow antennas up to 100 feet in diameter to be acconmodated by the shuttle. 

The same information as in the first task was to be obtained for the most 
promising of these designs. 


PRECISION DEPLOYABLE REFLECTOR STUDY 
FOR JPL, NASA LANGLEY 
WORK STATEMENT TASKS 

• DETERMINE LARGEST DIAMETER REfLECTOR THAT CAN BE STOWED 
IN SHUTTLE - CURRENT CONFIGURATION 

• ESTIMATE SURFACE CONTOUR ACCURACY FOR A RANGE OF 
SIZES - CURRENT CONFIGURATION 

• ESTIMATE ROM COSTS AS A FUNCTIOl F REFLECTOR 
DIAMETER AND CONTOUR ACCURACY - _URRENT CONFIGURATION 

• IDENTIFY AND QUANTIFY THE CRITICAL TECHNOLOGIES 
REQUIRED TO DEVELOPE THE REFLECTOR ABOVE 

• DETERMINE PACKAGING EFFICIENCY AND WEIGHT AS A 
FUNCTION OF REFLECTOR DIAMETER - CURRENT CONFIGURATION 

• NEW conceptual DESIGNS TO IMPROVE PACKAGING 
EFFICIENCY FOR REFLECTORS UP TO 100 FT. DIA. 

• CHOOSE PREFERRED CONCEPT AND PROVIDE ROM COST 
ESTIMATES, PACKAGING EFFICIENCY, WEIGHT AND 
critical TECHNOLOGIES 

• PERFORM THE ABOVE TASKS FOR OFFSET FED REFLECTORS 
IN ADDITION TO FOCAL FED REFLECTORS 
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STOWED ENVELOPE PROPORTIONS 

The critical parameter which determines the maximum aperture which can 
be stowed in shuttle is the number of primary panels in the configuration. 
Preliminary studies provided data on the ratio of stowed diameter to 
deployed diameter as the number of main panels was varied from 4 to 12. 

6, 12 and 18 main panel configurations were examined in more detail for the 
studv. 


tEHEaOR CONHGURATIONS AND RATIOS OF 
DIAMETER TO STOWH) mVELOPE DIMOISIONS 
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STOWAGE OPTIMIZED STUDIES 


The detailed examination of the 6 main panel configuration included 
an optimization of the configuration to allow a more efficient packing of 
the panels. This included trimline adjustment to avoid interference between 
panels when stowed. The optimization studies were accomplished for a F/D 
ratio of 0.4. 



6 WIN PANEL CONFIOUSATION BEFORE OPTIHIZATION 
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OPTIMIZED 6 PANEL CONFIGURATION 


This view is an optimized 6 panel configuration which compares with 
the original configuration shown previously. Note the increased aperture 
to stowed diameter ratio. The uaximum aperture for the 6 panel configu- 
ration is 31.2 feet. 


6 PANEL COtmCURATION 
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OPTIMIZED 12 PANEL CONFIGURATIW 


The 12 main panel configuration is illustrated below after optimization. 
A 37.8'foot aperture may be stowed in the shuttle with a 14.S-£oot diameter 
stowed envelope. Note the long narrow panel envelopes when compared to 
the 6 panel configuration. 


12 MAIN PANa (X>NnOUIA1ION 
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OPTIMIZATKW APPROACH 


This view illustrates the optimization appt'oach. The goal is to 
compactly place the triangular panel and half the main panel within the 
allocated triangular %iedge. This was accomplished most conveniently 
using a CAD graphical display. The Influence of displacing various hinge 
locations was determined individually. Thence, by iteratively adjusting 
the hinge positions, the most compact arrangement was determined which 
defined the optimum geometry. A second constraint on the optimization was 
to minimize the radial envelope of the folded panels. 

The cross-hatched areas on the panels were provided to improve the 
visibility of the projected surfaces. 


OPTIMIZATION APPROACH 12 PANELS 
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18 PAMEL CONFIGORATICW 


The roaxinum stowable aperture was attained with the 18 main panel 
configuration. This provided a 42*-foot aperture for the available 
14.5-foot stowed envelope. It was determined that more than 18 main panels 
would not improve the stowing ratio. 


18 MAIN PANEL CONFIGURATION 
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SHUTTLE STOWAGE OF 18 PANEL CONFIGURATION 


Stowage of the 42-foot, 18 main panel aperture requires a 15-foot 
segment of the shuttle bay. 

An increase of the F/D ratio from 0.4 to 0.82 for the 18 panel 
configuration would allow an Increase in the aperture from 42 foot to 
50 foot for stowage in shuttle. However, a similar F/D increase would 
nor result in significant improvement for the 6 panel configuration, since 
the panel width is the governing factor rather than the curvature. 


18 MAIN PANELS 



STOWED VIEW OF 18 PANEL CONFIGURATION 


This enlarged view of the stowed 18 main panel configuration illustrates 
the detail which is possible for conceptualizing the complex geometry on 
the CAD (Computer Aided Design) graphical display. The long narrow envelope 
of the panels increases the difficulty of achieving a precision contour. 

Two hinge connections are provided along adjacent edges between panels. 
Adequate space is available within the folded reflector to provide supporting 
structure for a feed or subreflector. 
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ANTENNA WEIGHT VS. DIAMETER 


The weight of antenna reflectors has been estimated for diameters of 
16 to 100 feet. The weight of feeds and subreflectors is not included. 

Since the weight of the reflector predominates, the plot is approximately 
valid for advanced configurations to be described which may require 
additional hinges or other hardware. Specific designs were assumed for 
16, 24 and 100-foot apertures and intermediate points linearly interpolated. 
The basic construction assumed a graphite/epoxy aluminum honeycomb sandwich 
configuration. 


ANTENNA REFLECTOR WEIGHT ESTIMATE VS. DIAMETER 
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KILOGRAMS 



CONTOUR ERROR ESTIMATES 


An attempt has been made to estimate the surface quality obtainable 
for the large aperture antenna reflectors of both the original and advanced 
designs. Four separate estimates have been made. The first three are 
based on presently available fabrication technology, improved fabrication 
technology and post fabrication adjustment of the panels, respectively. 

The fourth estimate is for a system with an orbit active control of panel 
contour. 

The errors quoted are conservative. They are based on considerations 
of the long narrow panel shapes and on thermal distortion analyses for a 
16-foot aperture. 


CONTOUR ERROR ESTIMATES 


AS FABRICATED 
CENTER SECTION 
OUTER PANELS 

RMS 

DEVIATION 

O-PXIO"^ D 
2,0X10"^ L 

MAX 

DEVIATION 

2JX\S~* D 
6.0X15"^ L 

BASIS OF ESTIMATE/ASSUMPTION 

FROM FAB of 5&LID REFLEdTdie AND TEST PANELS 

POST FAB ADJUSTED 

.0005" 

.0015" 

TOLERANCE IN SETUP AND INSTRUMENTATION 
ASSUMED SAME REGARDLESS OF SIZE MAX PANEL 
LENGTH IP FT. 

ASSEMBLY 

.OOr/IO’ DIA 

.003"/l0’ DIA 

ESTIMATE ONLY, ERROR IN LOCATING PANEL IN 
OPTIMUM POSITION AND ATTACHING HINGES 

DEPLOYMENT 

.0005"/20* DIA 

.0015V20' DIA 

BASED ON REPEATABILITY OF SUNFLOWER 

THERMAL 

.002"/20' DIA 
.0034"/IOT’ DIA 

.006"/20‘ DIA 
.0I02"/100' DIA 

BASED ON THERMAL DISTORTION ANALYSIS OF 
16 FT, REFLECTOR AND MAX DEVIATION = .006 
CALCULATED FOR INDIVIDUAL PANELS OF 40’ DIA. 
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NET RMS ERROR ESTIMATE 


The total RMS performance of various .ized ipertures for the basic 
configuration, as %«11 as advanced configurations, is shown here. This 
performance is predicated upon the utilization of a post fabrication panel 
shape adjustment to optimize the contour. This technique is commonly 
applied and is considered state-of-the-art. 


ESTIMATE OF RMS ERROR 
POST FAB PANEL ADJUSTMENT 


ERROR 

CONTRIBUTOR 

1 RING 

2 RINGS 

3 RINGS 1 

20’ 30* 40* 

40’ 60’ 80* 


POST FAB ADJUSTMENT 
ASSEMBLY 
DEPLOYMENT 
THERMAL 

TOTAL 

.0005 . 0005 . 0005 
.0010 . 0020 . 0030 
.0005 . 0008 . 001 

.0020 . 0022 . 0024 

.0005 .0005 .0005 
.0040 .0050 .0060 
.0015 .0020 . 0030 

.0024 .0027 .0030 

.0005 . 0005 . 0005 
.0070 .0080 . 0090 
.0035 . 0040 . 0045 
.0030 .0034 .0037 



.0140 .0159 .0177 
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RIGID REFLECTOR PERFORMANCE EXTRAPOLATION 


An independent error assessment was accomplished based on extrapolation 
of existing data for solid contour reflectors. This was performed for a 
30-foot aperture, 6 panel configuration. The results are consistent with 
the previous chart. It is suggested that this performance may be considerably 
Improved by using precision tooling and on-orbit figure control. 


EXPECTED MECHANICAL PERFORMANCE 



(30 FT APERTURE) 

DEMONSTRATED 

CAPABILITY 

PROJECTED 

CAPABIUTY 

MANF RMS 

0.002^1) 

0.001® 

ASSY RMS 

0.002 

0.001® 

ORBIT RMS 

0.002 

0.001® 


0.004 

0.002 


(1) POST-FABR ADJUSTMENT OF PANEL CONTOURS 

(2) PRECISION UYUP MOLD 

(3) IMPROVED ASSEMBLY TOOUNG 

(4) IN-ORBIT FIGURE CONTROL 
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SHAPE CONTROL ACTUATION SYSTEM 


Orj-orbit shape control for minimizing the effect of orbital 
environments on contour RMS could be readily implemented on the Advanced 
Sunflower configuration. Actuators for applying linear and angular 
differential motions between reflector panels can readily be integrated 
into the design at the hinge assemblies, as illustrated. These would be 
selectively actuated by a feedback control loop connected to a system of 
contour distortion sensors. 


SHAPE CONTROL ACTUATION SYSTEM 
FOR LARGE PRECISION DEPLOYABLE REFLEaORS 



KIUMOB MOV* f tNtlS IN OIMCIION INOtC *1«6 »y mO- 
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ALTERNATIVE DESIGNS 


Several designs have been considered as possible alternatives to improve 
the stowed to deployed diameter ratio, and thereby increase the size of 
the antenna stowable in the shuttle. Of the six designs examined, one, 
the Sunflower concept, is an existing and successful design, one is a 
modification of the original design, and the other four involve the addition 
of a second a possibly a third ring of panels to the original configuration. 

The Sunflower concept has been used successfully and is capable of 
providing a 100-foot antenna stowable in the shuttle. The major drawback, 
however, is that upon deployment the panels are not connected together and 
would require either complicated latching mechanisms or considerable EVA 
to achieve a sufficiently accurate reflector. 


100 FT. DIA. "SUNFLOWER” REFLEaOR 
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DOUBLE RING CC^FIGURATIOi 


The most successful approach so far discovered to iBq>rove packing has 
been to break the antenna into two rings of panels rather than one. By 
this nethod* the effect of the panel curvature is reduced and the panels 
maj' be folded closer to the axis of tht reflector. Several ways of attaching 
and controlling this second ring have been examined. Soce of the concepts 
nave the p^cential of being extended to a three-ring configuration, perhaps 
usir>^ di; . "‘’^ent :oncfcpts for each ring. 

The siiuplcst method to build a second ring is simply to split a single 
ring into two I'ith corresponding panels. The hinges of the single ring are 
repeated in each new ring. The main panels of the outer ring are hinged 
to the outboard end of the main panels of the inner ring, while the triangular 
panels of the two rings are not connected. By utilizing this new degree of 
freedom, and by manipulation of the outer ring hinges, the second ring can 
be optimized independently, taking advantage of the reduced curvature of the 
shorter panels. 



DCPLOYED. TOP VIM 



STONED. SIDE VIEW 


12 miN PANELS IN BOTH RINfiS 
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HALF PANEL INNER RING 


To reduce the number of panels required for the system described above, 
the inner ring may be composed of half as many panels as the outer, taking 
advantage of the empty space inside the lower part of the stowed antenna. 
Since alternate outer ring main panels are then unsupported, additional 
mechanisms must be added to completely control deployment. 


6-12 MAM PANEL DOUBLE RMG CONRGURATiON 



ut?iO!(o 


'tOWfU 
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OUTER RING SUPPORT CONCEPT 


To substitute for the inner ring panels, control arras raay be substituted. 
These arras are connected to the support ring and are driven by the same 
drive shaft as for the original panels. This configuration has a six panel 
inner ring and a twelve panel outer ring. A major drawback of this configu- 
ration is that the arrs are not connected to the inner ring of panels as 
are the main panels, which results in a less stiff reflector. The control 
arms may also add significant weight and complexity to the structure. 



MTmwn k ouR* me conhouid it ionc mms io m surron me 

DOUBLE RING CONFIGURATION, 6-12 MAIN PANELS SHOWN 
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18-36 DOUBLE RISC CONFi:;URATION 

Application of the double ring concept to the 18 panel configuration 
almost doubles the aperture which can be stored in shuttle. In the 
18-36 concept, the maximum aperture is 80 foot with a F/0 of 0.4. The 
stowed length occupies over half the available shuttle ba; capacity. 


18 36 MAIN 8ANII DOUBLE RING CONflGURAUON 




80-FOOT APERTURE ON SHUTTLE 

This view illustrates the deployed 18-36 panel configuration, 80-foot 
aperture supported from within the shuttle bay. 

A detailed study of offset reflectors was not performed due to time 
limitations and the relative priority of other tasks. Preliminary investi- 
gation, however, indicates that offset reflectors %iould stow more compactly 
than axisyirenecric configurations of the same diameter due to the reduced 
panel curvature. Manufacture would be more difficult due to the loss of 
syimsetry . 

80-FT. (24.4-METER) PRECISION 
DEPLOYABLE REFLECTOR ON SHUHLE 
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CRITICAL TECHNOLOGY STUDIES 


Several critical new technologies judged necessary for the construction 
of successful large diameter antennas have been identified. These technologies 
mainly concern the advanced fabrication and adjustment techniques, and 
related problems. In addition, they apply equally to both the original 
design and the advanced concepts. 

The first study proposed is to investigate designs and processes which 
reduce the as-fabricated reflector panel errors. The principal parameters 
in this study are the materials and tooling. Improved tooling precision 
ami room temperature curing should contribute greatly to improved panel 
contours. 


CRITICAL TECHNOLOGY STUDIES 


TITLE: CONTOUR ACCURACY CONTROL FOR PRECISION DEPLOYABLE REFLECTORS. 

STUDY 1 

OBJECTIVE: IMPROVE ACCURACY OF FABRICATING INDIVIDUAL PANELS. 

APPROACH: DESIGN, FABRICATE AND MEASURE PANELS TO DEMONSTRATE THE 

ADVANTAGE OF ONE CONFIGURATION OVER ANOTHER. ANALYTICAL 
MODELING WILL BE UTILIZED WHERE FEASIBLE TO PREDICT 
THE EFFECT OF THE VARIOUS PARAMETERS. 

TASKS: • IDENTIFY PARAMETERS THAT COULD CONTRIBUTE TO DISTORTION 

• MODEL PANEL AND VARY PARAMETERS TO ASCERTAIN CONTRIBUTION 
OF EACH 

• DESIGN TEST PANELS TO ISOLATE EACH PARAMETER TO DETERMINE 
ITS CONTRIBUTION 

• FABRICATE BOTH FLAT AND CURVED PANELS TO ISOLATE THE 
PARAMETERS AND PROVIDE CONTROL AND REPEATABILITY OF 
THE FABRICATION PROCESSES 

• MEASURE CONTOUR ACCURACY 

• OPTIMIZE THE CONFIGURATION 
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POST FABRICATION ADJUSTMENT 


The second technology study would develop concepts for post fabrication 
adjustment as an approach to developing high precision contours. This 
approach has been very successful for rigid contour reflectors. The problems 
peculiar to this configuration are the high aspect ratio panels. 


CRITICAL TECHNOLOGY STUDIES 


STUDY (I 


TITLE: CONTOUR ACCURACY IMPROVEAAENT BY POST-FABRICATION ADJUSTMENT OF 

PRECISION DEPLOYABLE REFLECTORS. 

OBJECTIVE: DEVELOP CONCEPT FOR IMPROVING ACCURACY OF INDIVIDUAL PANELS BY 

POST FABRICATION ADJUSTMENT. 

APPROACH: ONE OR MORE CONFIGURATIONS WILL BE CHOSEN FROM TRADE-OFF STUDIES 

OF VARIOUS CONCEPTS. THE ACCURACY OF THE CONCEPTS WILL BE 
DEMONSTRATED BY DESIGNING, FABRICATING AND MEASURING THE CONTOUR 
OF PANELS REPRESENTATIVE OF A DESIRED LARGE DIAMETER REFLECTOR. 

TASKS: • CONCEPTUAL DESIGN OF ALTERNATE CONFIGURATIONS 

• USE ANALYTICAL MODEL TO DETERMINE OPTIMUM NUMBER AND LOCATION 
OF ADJUSTMENT POINTS 

• CHOOSE PRIME CONFIGURATION AND DESIGN SHELL, AND BACK-UP STRUCTURE 

• FABRICATE SHELL ON IXISTING MOLD OF 98 IN. FOCAL LENGTH IF DEEMED 
ADEQUATE 

• FABRICATE BACK-UP STRUCTURE 

• MEASURE CONTOUR 

• ADJUST TO OPTIMIZE CONTOUR 
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ACTIVE CONTOUR ADJUSTMENT TECHNOLOGY 

The third critical technology study identified is the development of 
active contour control techniques for large aperture reflectors. The 
development of actuation systems, including actuator mechanisms, and 
their integration into the deployment mechanisms, requires investigation. 
This mould include analytical optimization studies, design and verification 
tests of breadboard hardware. 


CRITICAL TECHNOLOGY STUDIES 


STUDY III 

TITLE: A STUDY OF ACTIVE CONTOUR CONTROL OF LARGE PRECISION DEPLOYABLE 

REFLECTORS. 

OBJECTIVE: DEVELOP CONCEPT FOR IMPROVING ACCURACY OF COMPLF.TE REFLECTOR IN 

SPACE WITH ACTIVE ADJUSTMENT. 

APPROACH: AN ANALYTICAL MODEL WILL BE USED TO PERFORM THE TRADE-OFFS OF THE 

CONCEPTUAL DESIGNS. AFTER THE ADJUSTMENT LOCATIONS AND THE 
REQUIRED FORCE/MOTION IS DETERMINED THE ACTUATING SYSTEM WILL BE 
DESIGNED. ONE OR MORE TYPICAL JOINTS WILL BE DESIGNED, FABRICATED 
AND TESTED TO VERIFY ITS CAPABILITY. A BREADBOARD OF THE SENSOR 
SYSTEM AND CONTROL ELECTRONICS WILL BE DESIGNED AND BUILT TO 
DEMONSTRATE THE COMPLETE SYSTEM ON A REPRESENTATIVE PANEL. 
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SWIMARY 


'I**'" 


In suaimary* our study has. demonstrated the feasibility of the basic 
concept for shuttle applications with 40-foot apertures at" frequencies of 
100 GHz,. We have also Identified concepts allowing extension of the basic 
concept to 80-foot apertures, operable at 60 GHz. 



CONSTRUCTION ALIGNMENT SENSOR FEASIBILITY 
DEMONSTRATIONS (LASER MEASUREMENT) 


R. H. Anderson 

Lockheed Missiles and Space Company 


Contract no. NAS7-100 


LSST 1ST ANNUAI. TECHNICAL REVIEW 


November 7-8, 1979 



ABSTRACT 


Lockheed Missiles and Space Company (LMSC) is developing a family of laser 
heterodyne sensors for use in the active control of spacecraft structures. 

These sensors include a HeNe distance measuring system for structures requiring 
accuracies to 0.1 mm and a CO 2 distance measuring system which will measure un- 
ambiguously down to 0.01 //m. Vibration sensors, based on both HeNe and CO 2 
lasers, are also being developed. These systems will measure fractions of a ftm 
displacement from DC to kHz. All of these sensors have been breadboeurded to 
verify performance and are in various stages of development directed toward pro- 
totype engineering models. This paper discusses the design theory and trade-offs 
required for instrument selection. 


PRESENTATION OUTLINE 


INTRODUCTION 
COARSE MEASUREMENTS 
FINE MEASUREMENTS 
VIBRATION MEASUREMENTS 
TEST RESULTS 
CONCLUSIONS 
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INTRODUCTION 


For several years, the Sensor Technology Organization at Lockheed Missiles 
and Space Con^amy (LMSC) has been developing sensors to be used for the measure- 
ment and active control of spacecraft structures. These sensors are all laser 
heterodyne systems. Both HeNe and CO 2 lasers have been used. 

A coarse system, which is designed for applications where high accuracy is 
not required, uses a modulated beam and a high accuracy phase measurement scheme 
to obtain resolution on the order of 0.1 mm. With several modulation frequencies, 
distances on the order of kilometers can be measured. A fine measurement system 
has been developed which will work either in conjunction with the coarse system 
or independently. It uses a multi-state, two-color CO 2 laser which can be used 
to produce unambiguous measurements from 20 cm down to 0.01 ^m resolution over 
distances to 100 m. A summary of the distance measuring capabilities is illus- 
trated in Table 1. 

Vibration measuren^nts have been made using both Doppler frequency detection 
and a beat frequency phase measurement system with capabilities of measuring 
displacements less than a 0.1 /j.m at vibration frequencies from essentially DC t*- 
several kHz. 

A feasibility demonstration of the coarse system capability was made unde 
Contract No. 955130 for the Jet Propulsion Laboratory, California Institute of 
Technology, sponsored by tie National Aeronautics and Space Administration under 
Contract NAS7-100. 


INTRODUCTION 


POSITION MEASUREMENT 


MEASUREMENT 

TECHNIQUE 

COARSE 1 MHi MOD 
COARSE 100 MHz MOD 
COARSE 500 MHz MOD 
FINE SYN. VMAVELENCTH III 
FINE SYN, WAVELENGTH II 
FINE SYN. wavelength I 
FINE DIFF. FRINGE 
FINE fractional FRINGE 


DISTANCE METERS 

10^ 10^ 10’ 10° 10'’ 10"^ ’0° 10'“* 10'^ 10° 10 


VIBRATION MEASUREMENT 
SYSTEM DEMONSTRATED WITH 0.05 METER Hz 
CAPABILITY, 0.08>im RESOLUTION FROM DC TO KHz 

Table 1 
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COARSE MEASUREMENT OPTICAL LAYOUT 


The coarse system measures distance by accurately measuring phase of a 
modulated laser beam. Distamce to a reference point is compareu with the 
distance to the target. This method eliminates, through common moding, any 
drifts prior to the output beam splitter. Actual iiq>lc»entation of both CO. 
and HeNe syscons has been accosqplished. The following discussion applies to 
both systems. 

An optical layout is illustrated. The beam from the laser is both spat- 
ially and frequency shifted by the Bragg cell. The unshifted portion of the 
beam is used as the local oscillator for the heterodyne receiver. The shifted 
beam is directed through the phase modulator with mode matching lenses. This 
modulated beam is split, and one sent to the reference mirror and the other to 
the target. Two choppers, 183* out of phase, sample the beams alternately for 
signal processing. For the d^nnstration, a mirror on a rotary table was used 
to direct the beam to the t 2 u:gets. Both the reference beam and tar'^et beam 
are returned to confine with the local oscillator beam to be received by the 
detector. 


COARSE MEASUREMENTS - I 

OPTICAL LAYOUT 



LASER 
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COARSE MEASUREMENT SIGNAL PROCESSING 


The processinq electronics consist of the system described below, as 
%#ell as a micro-processor for convertinq the signals to a digital range 
output. LMSC has breadboarded the signal processing scheme described and 
demonstrated its performance. 

The processing flow is shorn in the figure. Beginning in the upper 
left-h 2 md comer, FM modulation frequencies of 1.0 or 100 MHz are select- 
able by the RF s%ritch. The selected RF power is divided emd the first 
fraction passes successively through an adjustable (phase shifting) trans- 
mission line, a power as^lifier, and a phase modulator for the working 
beam. The other fraction of the RF power passes to the 90° hybrid divider 
%diere cdx>ut one-half the power is phase shifted «md two outputs corresponding 
to sine and cosine functions are provided. These outputs, each with a phase 
and an^litude trimmer, go to the inputs of a pzir of SPST RF switches. The 
switch output provides the following RF mixer with sine and cosine inputs on 
alternate half cycles. The crystal detector, amplifier, and logarithmic 
voltmeter provide the output shown. 


COARSE MEASUREMENT - H 


SIGNAL PROCESSING 


ftefESCMce 
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COARSE SYSTEM LINEARITY DATA 


The linearity of the system is illustrated by the accompanying data. 
1/20 -inch steps were input and held for 7.5 sec over a total displacement 
of 1 inch. 


OPS RANGE MEASUREMENT UNEARITY DATA 



E 




TWO-COLOR lASER OPERATIOW 


The heart of the fine measur^nent system is the switchable two-color 
OO 2 laser. Gain occurs in the CX52 gas mixture in many distinct lines 
corresponding to a given vibrational transition frequency. These lines, 
corresponding to R and P branches and numbered in each, are illustrated. 

By controlling the cavity length, the line of operation ceua be estab- 
lished. If the length is such that an R frequency and P frequency have 
the same gain, they will operate simultaneously. This can be accomplished 
by separation of the signals (spectrally) 2 md servoing a piezo-electric 
driven mirror to the proper cavity length. Thus, two-color operation is 
achieved. This can be refined fiuther by selecting a specific R line 
and P line within the branches for laser operation. LMSC has develc^>ed 
a laser which can be switched through four pairs of lines. 


FINE MEASUREMENTS - I 

CO^ CAIN CURVE 10.9 (iM BAND 



I t « 1 I I 1 1 1 L 

10.0 10.5 11.0 

M meter 
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FOUR STATE SWITCHING 


Tlie four state switching sequence is illustrated. Starting at 0, 
the laser switches to positloiis 1 through 5 and back to 0. Each state is 
held for 70 msec b/ balancing the power between the two lines involved. 
The entire sequence takes about 280 msec. 


SWITCHING SEQUENCE SCHEMATIC OF 
FOUR-STATE T-C USER 
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ai.nj.ng ^ |jaii» ^^^ x-ines, iong 

waviisxengths can be produced. By looking at the difference between a pair 
of differential fringes, still longer wavelengths occur. In the figure, 
a hierarchy of wavelengths is established which can be obtained from the 
ser. The < 

<»lor state. The synthetic wavelengths only exist in the ccwiparison of one 
state to another. Froat this, it can be seen that an ambiguity of 40 cm 
can^be obtained in total path length {20 cm in measuring distance). Ambig- 

uicies up to 15 m can be obtained by taking the difference of adjacent line 
center frequencies. 


FOUR-STATE T-C LASER 

FREQUENCY /WAVOENGTH HIERARCHY PYRAMID 







f ■ c likS€« 





\® . 
wttk Si 






mm 


mwvm 


S. mm 





Aftovf fi«T4 44if «4jf0 ' m im 

* unt ct»rt« 

*{»« »mx 

ttMt 

(*{<»{ It. tfMi 

2i. m.m.9 vmt 
H2JJ mit 

* c. Jf*. Jfl.il Ml 


FINB SYSrai BREADBOMID LAYOUT 


This figure illxistrates the setup used to make con^aritive measursnents 
with an HP Interferometer. The LMSC sensor is chopped so as to alternately 
look at the reference target re troref lectors. The HP tracks the target 
position and the output is coapared to that of the IMSC sensor. The Bragg 
cells frequency shift the beam for heterodyning. The grating is used to 
separate the two colors for detection. 


OPTICAL POSITION SENSOR BREADBOARD UYOUT 





70 





FISE SYSTEM KCCBRACY mfh 


S 0 c»iit OPS-BP c«a|>arison ^asureaents have been made tjsinq the previously 
showi breadboard wherein the OPS and HP beams were co-located as *nch as 
possible. Resiiits achieved with this conficfnration show that the OFS-~MP differ- 
ential distance wsasnreiwnts vary nearly linearly with ran^e* and that the 
statistical variation fro® linearity can he held to x/ithin tO.025 ttm over a O-SO 
cm target excursion provided the temperature in the vicinity of the OPS "inter- 
fer<»eter" is held constant to within approximately 

This Figure presents typical data. Perfect agreesaent between OPS and HP 
x«xaM yield aeasBr«»ent data all in a straight line with zero slope. The 
i»asxir«ents shown in the Figure, however, show a good linear relationship be- 
txi^een OPS and HP, bat an apparent wavelength discrepancy indicated for the 
most part by the linear bias of +3.82|£m/m (some 4 parts in 10®). The "linear 
bias" represents an approximate straight line best fit to the OPS-HP differ- 
ential »eas«rei!ient data; this linear portion of the measurement is rewjxred in 
the computer and the residuals plotted using an expanded scale to more clearly 
rexMKal statistical variations. 


DIFFERENTIAL DISTANCE 
COMPARISON MEASUREMENTS (OPS-HP) 



ATMOSPHERIC CORRECTION: -«S.57 
LINEAR BIAS: ♦ 3-82 
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PINE SYSTEM BEAM TOINTING 


A beara directing scheiae needed to be devised which would not affect 
the path length. That scheme is also shown in the Figure where all errors 
occurring behind the output bean splitter are in a common mode in the 
reference and target measurements. It will require calibration of all 

measurement positions to account for optical differences but no scanner 
Induced errors should occur - 


mi MEASyRIMEWT - IV 

BEAM POINTING SYSTEM 



LENS 
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VIBRATION SENSOR SIGNAL PROCESSING 


A HeNe laser Vibration Sensor has been denranstrated which features an 
analog and digital ouput for computational convenience, and which ccanple- 
ments conventional vibration sensors by sensing vibratory events at low 
frequencies - from DC to beyond 50 Hz. Vibration amplitude resolution 
of the sensor is 0.08 (im, maximum amplitude and frequency product is 
0.05 MHz for a 2 MHz electronic bandwidth. For example, the maximum 
measurable vibration amplitude for a 25 Hz vibration is 2 mm. The 
time delay of the sensor output from the actual vibration is less than 
1 jisec which is essentially real time for measuring the dynamics of 
structures and vibration sensing for the dynamic damping of structures 
(active control) . By electronically splitting the laser beam using a 
Bragg cell, it is possible to simultaneously sample and, hence, monitor 
a large number of points to which retroref lectors have been affixed. 
Although the laboratory Vibration Sensor employed but two channels, it 
exhibited the basis for continuously sensing more than 50 independent 
vibrating targets. 


VIBRATION SENSOR ~ I 



OUTPUT 
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VISmTION SENSOR DATA 


The oscilloscope trace of the displacement of two vibratory targets is 
shown. In the Figure, the upper trace is the sensor output for channel 1 
target vibrating at 30 Hz and an anplitude of 1.5 ir»:. The middle trace is 
the sensor output for channel 2 target which measures a 60 Hz vibration at 
an amplitude of 0.9 jib. It is noticeable that the "stair- 1 ike” waveform is 
a result of digital signal processing. Each step of the stair represents 
0.08 f*m displaceffient of target which is the resolution of the present system. 
The lower trace represents the driving signal to the PZf for channel 2 target. 
CoRparing the output of the Vibration Sensor with the driving signal of the 
target mirror indicates a time delay of about 1 pscc between the sensor out- 
put and the actual vibration < of which, about 500 nsec is contributed by the 
digital circuitry (between the failing edges of input sampling clock 0^ and 
output sampling clock 0g) , the rest of it is due to the settling time of D/A 
converter. 



VIBRATION SENSOR OUTPUT FOR TWO VIBRATORY TARGETS 
(EXHIBITION OF AMPLITUDE RANGE AND SENSITIVITY 


OF SENSOR) 


mrnnPL 
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VIBRATION SENSOR DC RESPONSE 


The rc response of the sensor is sho\m in the upper txace of this Figure. 
The unly difference between this and the previous experiment is the driving 
TOltage applied to the shaker for channel 1 target. In this experL- t, a 
0,5 Hr square wave is applied to the shaker. The sensor measures t steady 
state DC displacement { -1 mm) as well as the transient behavior of the 



VIBRATION SENSOR OUTPUT FOR TWO VIBRATORY TARGETS' 
(EXHIBITION OF AC AND DC RESPONSE OF SFNSOR) 
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C0NCLUSICM4S 


Based on the emalyses and the breadboard demonstrations performed at 
LMSC, we have inade the following conclusions: 

. It is possible to measure distance with HeNe absolutely from km down to 
0.1 mn. 

. It is possible to measiire distance with CO 2 from km down to 0.01 /ira. 

. Rates on the above measurements can be made from rates of 1 per sec 
to 100 per sec. 

. It is possible to measure vibrations from DC to kHz with up to 50 
channels per detector /laser. 

The primary concern in the application of the ^dx>ve sensors is one of 
beam direction and integration into the structural system being controlled. 
This problem is best approached for each system configuration. 
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The technology of accurately describing the surface shape of large space 
deployed antenna structures is a requirenient for performance evaluation. 

Surface deviation tolerance is based upon the requirement for close wave 
phase coherence. In order to achieve the required antenna gain, pointing 
accuracy, and minimize the cross talk possibilities realized from excessive 
side lobe energy it is sometimes necessary to use surface figure tolerances 
of less than one fiftieth of a wavelength, .'or some of the higher frequencies 
contemplated for use in space deployed conununicaticns antennas, this could 
require that surface deviations not exceed one twentieth of a millimeter. 

A list of some conceptual space deployable antenna designs and their 
characteristics and surface tolerance requirements are shown in Table 1. 

The assurance that an antenna will operate efficiently after deployment 
is best ascertained by direct measurement of its surface with respect to 
design geometry. Further benefits derived from post deployment measurement 
may include the possibility of periodic idjustments in either tlie surface or 
in the feed point location which may have distorted or changed due to thermal 
or other causes. 


SATELLITE 
^-11 SSI ON 

ANT. 

DIA. 

METERS 

TYPE* 

EFFECTIVE 

WAVELENGTH, 

MM 


APPROX. 1 

I 1 

TOLERANCE ! 

MOBCOMSAT 

75 

MDC 

400 

8.0 

1/50 

ODSRS 

45 

EC 

9.38 

0.745 

1/15 

VLB I 

5 G 

f^C 

12.58 

1.0 

1/15 

r/a SETI 

24 

PDC 

0.629 

0.05 

1/15 

PUB. SERV. 

22.6 

HDO 

111.5 

2.54 

1/40 

TELECONF. 

4.7 

PDO 

21 

0.4 

1/50 

*C CASSEGRAIN 

M 

MESH 



D DEPLOYABLE 

0 

OFFSET 



E ERECTABLE 

P 

PRECISION 




TABLE 1 . FEATURES OF CONCEPTUAL ANTENNA DESIGNS 
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MEASURING TECICUQUES EXPLORED 


Several of the state-of-the-art measuring techniques have been studied. 
Among the more interesting for the thirty meter mesh deployable cassegrain 
measurement are the Payne, LMSC and JPL systems. 

The Payne system uses a modulated laser beam and phase detection to 
achieve a claimed 100 micron resolution but uses only one modulation frequency 
and thus is and>iguous beyond the half wavelength range of 27 cm. 

The I^C system overcomes ambiguity by modulating the laser beam with two 
widely different frequencies. The resolution claimed is in the order of 200 
microns. Since the system now uses a CO 2 laser, it has possible size and weight 
problems . 

The HP5501 and the Boeing systems are for measuring small strains or 
changes in distance and may have usefulness as sensors for reference alignment 
of antenna axis and surface scan position. 

The JPL self pulsed system has promise of being very interesting from the 
standpoints of non-airi>iguity, sinq>licity weight and ease of data reduction. 

The TRW angular measurement system is a bidirectional led and detector 
system capable of resolving angular deviation equivalent to sub millimeter 
motion. 


SURFACE MEASURING SYSTEMS 


TYPE 

OPERATING PRINCIPLE 

CHARACTERI?=TICS 

Simple Optic 
Radar 

Range = Speed of Light x Time 
2 

Unambiguous 150 mm 
Resolution 

Payne , LMSC 

Modulated 

Laser 

Phase Difference Measurement 

I 

Ambiguous ~200 p Re- 
solution Complex 

H.P. 5501 

Machine 

Control 

Straight Interferometer with 
Count Accumulation 

+1 Count or IX Accuracy 

Boeing Multi- 
Channel 

Interferometry with Phase Re- 
solution 

1/20 X Resolution 
(Optical Straingage) 
Complex 

JPL Self 
Pulsed Laser 

Range = Speed of Light 
2 X Frequency 

Non-Ambiguous 50 p 
Resolution 

TRW Angular 
Measurement 

Bidirectional Angular Devi- 
ation Led 6 Beamsplitter 

Very Fine Resolution 
~ 0.1 mm in 45 Meters 
Limited Travel 
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LMSC STRUCTURAL ALIGNMENT SENSOR 
CCttJCEPTUAL DB!ONSTRATI(Mi 


A contract was let to Lockheed Missiles and Space Company to demonstrate 
a system for measuring distance to a target with high resolution capability. 

The tasks included measurements using both C0~ and helium-neon laser equipment. 
An optional task was to demonstrate the ability to unambiguously measure the 
absolute distance to any given target. 

The basic capability was demonstrated using both types of laser. The re- 
solution obtained was in the order of one to two tenths of a millimeter. The 
capability of unambiguous distance measurement was not achieved due to lack of 
necessary equipment although there is little doubt that this could have been 
achieved. 

The LMSC system shows real promise of use in the measurement of large 
antenna surfaces although it is complex and may present size and weight 
problem. 


LMSC STRUCTURAL ALIGNMENT SURFACE MEASUREMENT SYSTEM 
HARDWARE CONCEPTUAL DEMONSTRATION 


OBJECTIVE 

To demons tirate the LMSC developed conceptual breadboard structural 
alignment sensor system for the high accuracy resolution measurement 
at a round trip distance in the order of one hundred meters, and to 
unambiguously measure the absolute distance from a reference to a target. 


TASKS 

o Demonstrate the operation and resolution capability of the LMSC system 
with a CC- laser 

o Demonstrate the operation and resolution capability of the LMSC system 
with a helium-neon laser 

o Demonstrate the LMSC capability to unambiguously measure absolute 
distance 

SIGNIFICANT ACCCWPLISHMENTS 

o The LMSC system demonstrated the capability for resolving distances in 
the order of one to two tenths of a millimeter in ranges up to 50 
meters. 
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LOCKHEED MISS7i.ES AND SPACE COMPANY CONTRACT 
"STRv.'" URAL ALIGNMENT SENSOR" 

OPTICAL LAYOUT 

The Lockheed "structural alignment sensor" system for c^asurlng distances 
from a scan position to several targets is shovm. It consists of a laser optic 
source which is both frequency and phase modulated. The modulated signal is 
alternately sent to the target and to a reference mirror. The return signals 
containing distance information are optically mixed with the original laser 
frequency and detected. The distance from the reference (or scan mirror) to 
the target is found by electronic processing. Measurement resolution in the 
order of one tenth millimeter has been achieved by this system. 


MODE 
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JPL SELF PULSED LASER RAIK^ING SYSTEM 


The objective was to prove and evaluate the concept of a self pulsed 
ranging system. This included the ability to produce a frequency inversely 
proportional to range, and to attempt to project resolution capability in order 
that the system might be evaluated for further development. 

The approach was to design and fabricate a breadboard system sufficient 
to allow projected capability. 

The breadboard was fabricated and tested. It verified functional operation 
with short time resolution in the order of 0.2 millimeter, non-ambiguous ranging 
and a maximum range capability in the order of 150 meters. Projected capability 
of the system is resolution of less than 0.1 mm over a reasonable time period 
and a range extension to over 300 meters. 

The FYSO plans are to upgrade the system and perform distance measurements 
on simulated antenna geometries. 


JPL SELF PULSED LASER SURFACE MEASUREMENT SYSTEM HARDWARE 
CONCEPTUAL DEMONSTRATION 


OBJECTIVE 

To develop a functional hardware system to accononodate the demonstration 
of the basic system concept for the unambiguous determination of range and 
a system evaluation that addresses the limits of performance and the 
applicability of the system for further development. 

APPROACH 

o Design, fabricate and assemble conq>onents for functional system 
o Develop system to the point of a functional demonstration and evaluation 
o Generate estimates of potential system performance based on system eva- 
luation 

o Access applicability of system for flight hardware application 
SIGNIFICANT ACCOMPLISHMENTS 

o Functional sy.stem operation has been achieved 

o Ranging resolution of 0.2 mm has been achieved for an overall range 
of 150 meters 

o Approaches for upgrading the system for the next phase of development 
have been developed 
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The self pulsed laser ranging system is used for measuring distances from 
a fixed reference or scan position to several locations on the surface of an 
antenna reflector. Processing the information thusly obtained is used to de- 
fine the "Figure" or shape of the surface upon which antenna operational 
efficiency is directly dependent. 

Operation of the system consists of initiating a pulse from the laser 
emitter which is pointed at the scan mirror. The emitted pulse strikes the 
scan mirror, is reflected and sent to one of several targets located on the 
surface of the antenna. Upon reflection from the target, the pulse returns to 
a detector via the scan mirror. The detected pulse is amplified and used to 
trigger the next emitted pulse. After the first pulse is emitted, received 
and used to trigger another pulse the process becomes repetitive with a repe- 
tition rate uniquely determined by the distance traveled to the target and back. 
A measure of the repetition rate or frequency thus created provides the means 
required for determining range since the total distance traveled is inversely 
proportional to the frequency. 

During its round trip travel, the emitted pulse traverses the distance 
from the laser to the target and back to the detector at the speed of light. 

It then proceeds through electronic circuitry with some delay until it triggers 
another light pulse. A distance equivalent to the time delay realized by the 
travel time of the returning pulse from the scan mirror to the detector, 
through the electronics and back to the scan mirror may be subtracted from the 
total distance to provide a precise measure of the round trip distance from 
the scan mirror to the target. 


BEAM = 2R — 
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Jl’L SELF PULSED LASER TiEASUREMENT SYSTEM 
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SIMPLE CALCULATIONS 


The self pulsed laser ranging system is made possible by the relation 
which ties wavelength and frequency to the speed of propagation. In this case 
the speed of light in a vacuum. (See equation 1). In our case, the wave- 
length will be the round trip distance to the target and will include any op- 
tical and electronic path or equivalent time delay included in the loop contain- 
ing the electronic equipment out to the reference position from which surface 
fficasurcsents are to be made. A more correct equation relating distance and 
frequency then is given by equation 2. 

The value for the equivalent internal path length is found by reflecting 
the signal back to the detector by the scan mirror. The frequency thus 
obtained will uniquely define the equivalent internal path distance. (Equation 
3). By subtracting the equivalent internal path from the total path to the 
target and back, the desired distance from the reference, or scan mirror, to 
the target is obtained. Since the object is to find the range from a reference 
position, the total path length is divided by two. (Equation 4). Since the 
internal path length is a constant when a scan mirror is used, a value for the 
internal range may be found and subtracted from all target measurements to 
obtain range from the reference to the target. (Equation 5). 


Speed of Light, C 


Wavelength, A 

Frequency, f 

(1) 

c 

Round Trip Distance = ^ “ 

^internal 

(2) 

S c 

Internal Path, int = ^ 

int 


(3) 

Range, R ~ ^ ~ 

c 

int 

(4) 

Range, R = fy " 

K 

(5) 


Where K = 

int 
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SYSTEM PERFORMANCE 


System performance is nearly totally dependent upon the stability with 
which the ringing frequency is established when aimed at a distant target. 

Most of the stability problems of the self pulsed ranging system occur in 
electronic circuits in the form of varying component delay time, wave form 
jitter, and temperature effects. Some problems arise from varying signal 
strength with target distance; however, this type of problem is more easily 
handled by using automatic gain control and wave shaping techniques. The former 
problems are sometimes an inherent characteristic of the equipment and can 
only be improved by component selection, use of state-of-the-art devices and 
careful attention to thermal problems. 

When the ranging system uses a standard frequency counter for measuring 
the pulse repetition rate, it is interesting to note that using a one second 
time gate will automatically provide an average of one million round trip 
samples if the ringing frequency were one megahertz. At one megahertz the 
round trip path would be three hundred meters or would correspond to a range 
of one hundred fifty meters. Such a total range might easily correspond to 
a scan mirror to target distance of the order of one hundred meters or to the 
measurement of an antenna dish of one hundred meters diameter. Resolution of 
measurentent in this case would be one part in a million corresponding to one 
one millionth of three hundred meters. Since range is one half of the round 
trip distance this resolution is halved along with the division to obtain 
range. (See equation 6). It may be seen that resolution, providing the 
sample time gate remains constant, will increase with shorter distances and 
smaller antennas. This is fortunately in the right direction since smaller 
antennas may operate at shorter wavelengths and require higher resolution 
measurement. The relation between a change in frequency with respect to a 
change in wavelength is obtained by differentiating equation (1) . (See 
equation 7). 


Resolution vi count) 


= Range = 150 x 10 mm 
10 ^ 10 ^ 


( 6 ) 


Resolution = 0.15 millimeters 


f 



( 1 ) 


^ £ (7) 

di- 


Inverting and substituting A = 2R gives the distance increment resolvable as 


2 

^ = 7 F 

df “ c 


from which resolution also = 0.15 mm/Hz 


( 8 ) 
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INCREASING RESOLUTION BY GATING 
A HIGH STANDARD FREQUENCY 


As antenna size increases and frequencies become lower, the resolution is 
decreased by the significance of plus or minus one hertz error in the length of 
sample time for frequency measurement. In order to overcome this problem a pre- 
determined number of pulses of the ringing frequency may be used to define the 
time gate through which a precision high frequency is passed and counted. The 
time gate may be made very precise by edge triggering the opening and closing 
of the gate on the leading edges of pulses of the ringing frequency. If the 
count of Nf pulses of the ringing frequency, f, is used for determining the 
gate time t, the gate time will be Nf divided by f. (See equation 9). 

If a standard high frequency, F, is passed through a gate of time duration, 
t, the count accumulation, Nv, of standard frequency, F will be given by 
equation 10. 


Gate time, t 

N 

Count Accumulation, F 

from which t 



Equating (9) and (11) 


and 



using X = 


f 


gives 




and substituting in (13) 
CN, 

Range , R = 

-- -.f 


(9) 

( 10 ) 

( 11 ) 


( 12 ) 

(13) 


(14) 


which gives range in terms of the high frequency standard. Resolution then may 
be as good as one count of the standard frequency in the number of counts 
passed through the gate, or one part in Np parts of the path distance. 
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CONCEPTUAL DESIGN TEST RESULTS 


A breadboard test setup was made using a separate pulsed led source, a 
reflecting target mirror placed at about four meters distance, and a pin diode 
detector to receive the reflected pulses. The detected pulses were amplified, 
shaped and transmitted through a length of RG58 coaxial cable. The combined 
equivalent optical path of cable, range and internal electronic delay was 
approximately three hundred meters corresponding to a range of the order of one 
hundred fifty meters. The signal from the delay cable was fed to the led pulse 
driver to initiate new pulses and produce a self oscillating system. The 
system repetition rate was very nearly one megahertz. 

After several modifications to electronic circuitry, stabilization of 
power supplies, and adjustments to optic components some promising results 
were obtained- Criteria for system feasibility include stability of frequency 
and data point scatter. Several short runs were made over one minute time 
intervals and the data plotted. The results of one such run are shown. It may 
be seen that the standard deviation fell within 0.74 millimeters and that the 
drift rate was in the order of one half a millimeter per minute. With improved 
electronics, optics and delay means, it is entirely feasible that readings may 
approach the one tenth millimeter or one hundred micron achievement goal. 


JPL SELF PULSED LASER RANGING SYSTEM 
PROOF OF CONCEPT ~ STABILITY TEST 
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IMPROVED HARDWARE SYSTEM 


The promising results obtained using relatively crude breadboard encouraged 
the design and construction of more sophisticated hardware and electronics 
with which to obtain feasibility information. The objectives of the improved 
system include a demonstration of the system to scan and unambiguous' ly measure 
distances to several targets as would be required for measuring the contour 
of an antenna surface. A simplified layout of the complete pulsed laser 
ranging system is s^s^wn. The laser is located in a fixed position and trans- 
mits pulses to a cr .eniently located scan mirror. The mirror is programed 
to scan surface targets, a reference target and to reflect the pulses back on 
themselves to the detector. Subtraction of the path from the transmitter to 
the scan mirror and return from measurements made to the various targets 
provides the distances from the scan mirror, or reference position, to the 
targets. A microprccessor is used to control the scan process, to compute 
distances and to possibly analyze the surface figure in real time so that it 
may be used for active control. 
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PEASlIILm TEST HMEUME OPflC/ELECfitOSIC HEM» 


A mm c<H*iiie4 optical head has been designed and constructed. The head 
contains both led transaitter and pin diode detector together with driver mid 
pulse c«diti<miag electronics, IRhe optic axis of the led transaitter is 
coincidental with the receiving optics so that transaitter and detector pointing 
is achieved siaultaneousljr. 

The led /laser pulse r is located near the forward end of the saall diae^ter 
axial tube. Its output is better colliaated by a lens and tr«osaitted. The 
beam expaa^s slightly as It proce<rfs to the target and returns to the collector 
air in the rear of tte Iiaad. The collector mirror focuses the return bean 
to point near the rear mitrance of the axial tube. Bpcm entering the tube 
the ’ is colliaatesd aad reflected to the detector box on one side of the 
larM: tirtie. tM small collimated beam is focussed on the pin diode det«:tor 


It is also split off to the micro- 
The electronics for both pulser aaod 


a stationary device pointed only at the scan mirror 





OPTIC MSEl HEAD 
ALIGHMEMl COHFKUMTlOi 



The photograph belo« shows the ii^roved laser head with alipi»eiit optics 
«»uiited for me. Mo stgaals are transaltted or received daring alignment of 
the head to the scan mirror or a target. The telescope moimted on top of the 
case looks into a periscope whose exit window allows the telescope optic axis 
to be displaced to coincide with the optic axis of the laser head. The peri- 
scope is ’miqmtf located and attached to the laser head with a registration 
ring and pin to perait rapid and accnrate alignment when attached. 


miGiHAL PAGE tS 
Of POOR QUALfTY 


OPTIC LASER HEAD 
USE CONFIGURATION 

The photograph below shows the optic laser head with alignment optics 
removed. The laser collimating lens may be seen in the small centrally 
located tube. Most of the return beam misses the small central tube and is 
collected by the mirror at the rear of the case. The collected beam is 
focussed to enter the rear of the small central tube where it is collimated and 
reflected out to the detector electronics in the box at the right . The box 
at the left contains the laser pulse driver. The case is approximately 
thirteen centimeters in diameter by thirty centimeters long and weighs approx- 
imately three kilograms including electronics in the use configuration. 







OPTIC USER KUD 
USER PULSE DRIVER 

In a box moiHited to the side of the optics case is shown the laser pulse 
driver electronics. The electronics are mounted on a double sided printed 
circuit board measuring five and one half by nine centin”?ters . In. the pulse 
driver, signals are received fro® the detector by way of a delay line, shaped 
and power amplified to the level required for driving a led or laser. Heat 
dissipation and temperature control of this package and tuo laser mav have a 
significant bearing on the system pi rforraance . Precautions were taken to 
radiate laser heat. 
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aFTlC LASER HE^y) 
DETECTOR ELECTRONICS 



The accompanying photograph shows the detector electronic circuit board 
required to amplify and shape the received pulses ftr precise time triggering 
and for driving the transmission/delay line to the laser pulser. The receiver 
electronics also includes provision, for automatic gain control to assure that 
pulses from different distance's and targets will tiw trigger consistently. 

Ihe detector and concentrating optics are located below the electronics and 
are adjustable by means of screws and holes in the sides of the housing box. 
The box and printed circuit 'board are approximately the same size as those 
used for the pulse driver. 
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LSST - STRUCTURAL CONCEPT - DEPLOYABLE REFLECTORS 
ANTEI^IA SURFACE MEASUREMENT SUMMARY 


Many possible systems for use In measuring antenna surface contour were 
investigated. Most of these systems were optical types capable of fine distance 
or angle resolution. Complexity varied as the capability to resolve distance. 

Of the systems investigated, there were at least three which showed promise 
of use on early deployed antennas. The Lockheed Missiles and Space Company’s 
"structural alignment sensor" has the capability desired and may be a logical 
choice although it is not yet perfected and its present complexity indicates 
that there may be problems- with size and weight. The TRW angular measuring 
system has the capability of resolving very small angles and would be useful 
where a dependably stiff panel of confident contour must be aligned to become 
a part of an overall surface. It appears to have fine resolution and cost 
effectiveness for what it does although it does not have the capability of 
measuring local distortions in a large surface. The JPL self pulsed laser 
ranging system has resolution limitations; however, at this time it appears to 
be a viable candidate for measurement of large antenna surfaces where cost, 
weight, and simplicity are important factors. 

At the present time, we are working on the JPL system which shows promise 
of resolving distances in the order of less than one tenth of a millimeter. 

Our goal for FY80 will be to set up a practical denronstration to show the capa- 
bility of the JPL system. Other activities will include continuation to ex- 
plore other surface a^asuring systems and to perform some studies with regard to 
the application of measuring systems to specific selected antenna candidates. 

SUMtlARY 

o Concept Successfully Demonstrated 

o Present Capability Includes 

Greater Than 150M Range Capability 
Less Than One Millimeter Resolution 
Unambiguous Distance Measurement 

o Projected Performance 

One Tenth Millimeter Resolution 
Low Power Consumption 
Low Volume and Weight 
Relatively Low Cost 

o Probable Measurement Applications 

Early Deployed Antennas 
Large, Low Frequency Antennas 


Research described in this publication was carried out by the Jet Propulsion 
Laboratory, California Institute of Technology under NASA contract NAS 7-100. 
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NASA Langley Research Center 
Hampton, VA 23665 


LSST 1st ANNUAL TECIBHICAL REVIEW 
Koveaber 7-8, 1979 


95 



For review purposes, the objective and near-term technology requirements of the 
LSST antenna development e^^fort are listed below. 


LSSI 

REFLECTOR CONCEPT DEVELOPMENT 


“ TO DEVELOP TECHNOLOGY NEEDED TO EVALUATE. DESIGN. FABRICATE. 
PACKAGE. TRANSPORT AND DEPLOY LARGE ANTENNA SYSTEMS FOR 
CLASSES OF POTENTIAL APPLICATIONS. 

TECHNOLOGY REQUIREMENTS (NEAR TERM) 

“ TO DEVELOP DEPLOYABLE ANTENNA SYSTEMS 
“ SIZE RANGE UP TO 100 METERS IN DIAMETER 
“ FREQUENCY RANGE 1 TO 15 GHz 
“ TECHNOLOGY AVAILABLE CY 1983 
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The deployable reflector concept development effort for FY 79 was divided Into 
two concept areas — the Maypole (Hoop/Colus®) for near term applications, and 
the Erectable Truss Concept for far term mission applications. 
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Associated with the Maypole and Erectable Truss development efforts are the 
following tasks for FY 79. 


LANGLEY RESEARCH CENTER 


“ DEPLOYABLE REFLECTOR CONCEPT DEVELOPMENT - MAYPOLE (HOOP/ 
COLUMN); PHASE I TASK DEVELOPMENT CONTRACT AWARDED TO THE 
HARRIS CORPORATION MAY 1. 1979. (MASl-15763) 


“ MODULAR REFLECTOR STUDY CONTRACT AWARDED TO GENERAL DYNAMICS 
APRIL 5. 1979. (NASl-15753) 


“ DEVELOPMENT OF ELECTROMAGNETIC ANALYSIS METHODS FOR LARGE 
APERTURE ANTENNAS. (CONTINUING IN-HOUSE ACTIVITY AT THE 
LANGLEY RESEARCH CENTER) 


“ DEVELOPMENT OF SURFACE ACCURACY MEASUREMENT SYSTEM m LARGE 
SPACE STRUCTURES; PHASE- I CONTRACT AWARDED TO TRW. REDONDO 
BEACH. CA; SEPTEMBER 12. 1978. COMPLETION OF PHASE- I 
FEBRUARY 15. 1980. (NAS1-15520) 
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The technology development plan for the modular reflector concepts is shown 
below. After completing the parametric evaluations, design configurations 
for 100-meter diameters using the PETA and the rigid panel concepts were to be 
developed for concept comparison and trade-off studies. 


MODUIAR RERECTQR CONCEPT DEVELOPMENT 
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The following accomplishments were made in FY 79 related to the development of 
modular reflector concepts. 


MODULAR REFLECTOR CONCEPTS STUDY 

NASl-15753 
GENERAL DYNAMICS 


ACCQMPUSHICTS 

° PARAMETRIC CURVES HAVE BEEN DEVELOPED TO SIZE FACETTED 
ANTENNA SURFACES 


° PACKAGING AND DISPENSING ARRANGEMENTS HAVE BEEN DEVEL.OPED FOR 
DCM AND PETA CONC'^PTS 


° PRELIMINARY ASSEMBLY STUDIES OF PETA ASSEMBLY TECHNIOUE 
COMPLETED 


° PRELIMINARY DESIGNS FOR 100 METER REFLECTORS BEING ESTABLISHED 


TOO 






area tor near term aissim applicatl 

pt Is being developed by the Langley 

ou is an artist's view of the antenna as deployed 


omamAi ts 

^ POOR QOauTY 
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Shovm below Is the technology development philosophy that Is underway for the 
Maypole (Huop/Column) development effort. Included in this plan shall be: 

(1) a review of the mission requirements; (2) .in economic assessment of the 
reflector technology; (3) concept review; (4) preliminary design using sabscale 
and intermediate scaled elements; and (5) the integration of the surface 
measurement system with the reflector. Through.out this technology development 
activity, confidence in the design of critical items shall be obtained through 
the fabrication and test of subscale, intermediate, and full scale components. 
All of these outputs shall input the development and verification of rhe 
predictive analysis methods. 


TECHNOLOGY 


[k!: Ttyrklil 


MISSION REQUIREMENTS 


CONCEPT REVIEW 

I 

PRELIMINARY DESIGN 


PREDICTIVE PERFORMANCE ANALYSIS M£TH(»S 

i I 


1 ECONOMIC ASSESSMENT 


REFLECTOR REQUIREMENTS 
DOCUMENT 

1 


FAB SUBSCALE 11/201 
BREADBOARDS 


AMTERIALS DEV 


DESIGN FOR 1/20 
SCAII MODEL 


DESIGN 
IW SCALD 


FAB 1/20 
REFLECTOR 
MODEL 
& TESTS 


SURFACE MEASUREMENT 
SYSTEM PROOF OF 
CONCEPT 


BREADBOARD 

TEST 


FAB 

i 

ENG _ 

1 

MODEL 
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One of the first activities associated with the Maypole developaent effort ^s 
to develop possible mission scenarios (using the LSST near term focus mission) 
so that the reflector configuration and requirements could be decermined. The 
following view graph presents the approach used in defining the technology 
drivers and th^ subsequent "point" design for the reflector activity. 


ISST COItmJRAIION/REQUIfiMBirr OffMITION APPROACH FOR 
THE MAYPOLE (HOOP/COLUMN) OBfELOPMENT ACimiY 
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In developing the scenario for the coEBminications mission, the recent results 
of a Langley contract with TRW are prevalent and shall influence the LSST 
activity. The TRW multiple beam antenna study represents the only known 
multiple beam trork that has been undertaken by HASA during the past 
several years. Therefore, it was believed to be important to briefly report 
on the results of this work during this RTR review. The following view graph 
presents the objectives of the multiple beam study. 


KU-BAHD HULTIPll BEAH ANTENNA PROGRAN OBJECTIVES 
conus SPOT BEAN ANTENNA 

“ DEVELOP A 12/W GHz MULTIPLE BEAM ANTENNA FOR CONTIGUOUS SPOT 
BEAM COVERAGE OF CONUS PLUS ALASKA AND HAWAII 

° FREQUENCY REUSE ACHIEVED THROUGH A COMBINATION OF FREQUENCY 
PLAN, POLARIZATIWI ORTHOGffilALITY, LOW SIDELOBE BEAMS 

“ APPLICATION IS HIGH CAPACITY POINT-TO-POINT COMMUNICATIONS AND 
DIRECT BROADCAST SERVICE 

" BUILD AND TEST A BRASSBOARD MODEL ANTENNA TO: 

- EVALUATE THE MULTIPLE BEAM ANTENNA DESIGN CONCEPT 

- ESTABLISH ACHIEVABLE BEAM ISOLATION AND GAIN 

- DETERMINE PERFORMANCE CHARACTERISTICS OF KEY ELEMENTS OF 
ANTENNA HARDWARE 

- PROVE FEASIBILITY OF A FLIGHT MODEL ANTENNA 
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CONUS SPOT BEAN ANTENNA 

DESIGN SPECIFICATIONS AND MEASURED CAPABILITIES 



SPECIFICATIONS 

MEASURED CAPABILITIES 

DOWNLINK FREX^BICY 

11.7 TO 12,2 GHz 

11.7 TO 12.2 GHz 

[JPLIMK FTIEQUE!«:Y 

14.0 TO 14.5 GHz 

14.0 TO 14.5 GHz 

POLARIZATI(»( 

ORTHOGCRIAL LINEAR 

ORTHOGONAL LINEAR 

COVERAGE 

CONTIGUOUS CONUS, ALASKA 
Am HAWAII 

CONTIGUCHJS CONUS, ALASKA 
AND HAWAII 

fniMKR OF BEAMS 

AKXJT 25 BEAMS 

17 BEAMS 

SIDELOBE LEVEL 

-32 dB 

-36 dB AT BORESIGHT 
-32 dB OFF BORESIGHT 

CROSS POLARIZATION 

-28 dB 

-32 dB 

BEAM CROSSOVER LEVEL 

-7 dB FOR DOWNLINK 
-9 dB FOR UPLINK 

-6 dB FOR DCMINLINK 
-8 dB FOR UPLINK 

BEAM ISOLATION 

28 dB 

TBD 

FEED CIRCUIT LOSS 

<0.30 dB 

<0.20 dB 

INPUT VSWR 

<1.4:1 

<1.2:1 

REFLECTOR DIAMETER 

200 CM APPROXIMATELY 

200 CM 

POWER HANDLING CAPACITY 

100 WATTS AVERAGE POWER 

100 WATTS 
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CONUS SPOT BEAM ANTENNA 


KEY DESIGN FEATURES 

“ 15-BEAM COVER CONUS PLUS TWO SEPARATE BEAMS FOR ALASKA AND 
HAWAII 

“ EACH BEAM UTILIZES ONE-HALF OF THE 500 MHz BANDWIDTH 
AVAILABLE FOR BOTH UPLINK AND DOWNLINK COMMUNICATIONS 

“ BEAMS OF THE SAME COLOR ARE COPOLARIZED AND IN THE SAME 
FREQUENCY BAND 

“ BEAMS IN ADJACENT ROWS ARE ISOLATED BY FREQUENCY SEPARATION 

“ ADJACENT BEAMS IN A ROW ARE ORTHOGONALLY POLARIZED 

“ 17-BEAM SYSTEM REQUIRES TWO 2-METER OFFSET REFLECTORS WITH 
17 FEEDS 

“ EACH FEED CONSISTS OF A 9-HORN CLUSTER TO PRODUCE ONE SPOT 
BEAM 


“ EACH OFFSET REFLECTOR IS CONFIGURED WITH A WIRE GRID 
SUBREFLECTOR TO DIPLEX ORTHOGONALLY POLARIZED FEEDS (BEAMS) 

“ EACH FEED IS LINEARLY POLARIZED AND OPERATES BOTH DOWNLINK 
(11.7 - 12.2 GHz) AND UPLINK (14.0 - 14.5 GHz) 
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k coitcept«al satellite configuration using the multiple beam design is showa 
below. In order to meet the lequi resents, two offset fed reflectors are 
needed for beam. Interleaving. 


CONCEPTUAL SATELLITE CONFIGURATION 
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Shown below is how the Maypole (Hoop/Coluran) could be used to produce the 
l7-bea» CONUS coverage as described in the TRW study. This configuration is 
for an F/D <1.0. 



HUtTIPLE BEAM ASTESiXA CONPtOIRATlOS USI8C THE (HOOP/COLUJO) MAYPOLE 
CONCEPT FOR PSOVIDISG COSES COVERAGE AT KC-BASO (ISOMETRIC VIEV). 
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f Maypole (Boop/Colum) cooM fee used to produce 308 feeaw 

for CfflWS cowrie. A longer F/O » 2.0 iirould fee required. This is feaslcally 
the «PIU Aperture approach that «flll fee discussed la the next oaoer bv 
0. C. M<Hitgo«er5P and L. D. Sikes. ^ ^ 


aifli rERFomuiCi fes) clbsti^ 
30S SEMtS 

sBua owsssrat Lana -i.jfWB 
FW» amKSO* StSTQI 
catTCAT® ws® raa a®EMTs 
ftl.0 METERS DUHETER 



« t 'M 

MULTIPLE B£«t AHJEUm CONFIGl TTION USING THE (HOOP/cOLUMN) MAYPOLE CONCEPT 


FOR PROVIDING SUBCONTINENT, L INENT, CONTIGUOUS BEAM COVERAGE (SECTION VIEW). 
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SUmARY OF ACCOMPLISHMENTS 


I . REFLECTOR DEVELOPMENT 

" REQUIREMENTS DEFINITION: DEVELOPED SCENARIOS FOR LSST NEAR 
TERM FOCUS MISSION; COMMUNICATIONS. MICROWAVE HADIOMETRY. 

AND RADIO ASTRONOMY - VLBI. 

“ PRELIMINARY MAYPOLE (HOOP/COLUMN) CONCEPTUAL DESIGN OBTAINED 
FOR THE COMNICATIONS FOCUS MISSION. 

“ CONCEPTUAL DESIGNS OBTAINED FOR CRITICAL COMPONENTS OF HOOP/ 
COLUMN REFLECTOR. 

“ PUBLICATIONS: 

A. "DEPLOYABLE REFLECTOR ANTENNA TECHNOLOGY DEVELOPMENT FOR 
THE LARGE SPACE SYSTEMS TECHNOLOGY PROGRAM". BY R. E. 
FREELAND. AND T. G. CAMPBELL. PRESENTED AT AIAA 
CONFERENCE MAY 1979 HAMHON. VA. 

B. "DEVELOPMENT OF MAYPOLE (HOOP/COLUMN) DEPLOYABLE REFLECTOR 
CONCEPT FOR 30 TO 100 METER APPLICATIONS". BY DR. B. C. 
TANKERSLY. HARRIS CORPORATION. PRESENTED AT AIAA 
CONFERENCE MAY 1979. 

C. "NASA TECHNOLOGY FOR LARGE SPACE ANTENNAS". BY R. A. 
RUSSELL. T. G. CAMPBELL. AND R. E. FREELAND. PRESENTED 
AT 49th STRUCTURES AND MATERIALS PANEL MEETING. 

OCTOBER 7-12. 1979. COLOGNE. WEST GERMANY. 
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Included In FY 79 was the development of Electroma^etic Analysis methods 
for large aperture antennas. Shown below are a few of the accomplishments. 


SUMMARY OF ACCOMPLISHMENTS CONT'D. 


II. ELECTROMAGNETIC ANALYSIS 


“ PUBLICATIONS: 

A. "A PRELIMINARY STUDY OF A VERY LARGE SPACE RADIOMETRIC 
ANTENNA". NASA TM 80047/P. K. AGRAWAL. 

B. "A METHOD FOR PAHERN CALCULATION FOR REFLECTOR ANTENNAS 
WHOSE GEOMETRY IS DESCRIBED BY A FINITE NUMBER OF DISCRETE 
SURFACE POINTS". IEEE SYMPOSIUM. JUNE 1979. P. K. AGRAWAL. 
AND W. F. CROSWELL. 
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The final activity conducted during FY 79 was the development of a 
Surface Accuracy Measurement Sensor for Large space systems. These 
accompllsha^nts are listed below. 


SUMMARY OF ACCOMPLISHMENTS CONT'D. 

III. SURFACE ACCURACY MEASUREMENT SYSTEM 


" SUCCESSFUL PROOF OF CONCEPT DEMONSTRATION AT TRW, SEPT 1979. 

“ PUBLICATIONS; 

"SURFACE ACCURACY MEASUREMENT SENSOR FOR DEPLOYABLE REFLECTOR 
ANTENNAS", R. S. NEISWANDER, TRW. PRESENTED AT AIAA 
CONFERENCE, HAMPTON, VA. MAY 1, 1979. 
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DEVELOPMENT OF THE MAYPOLE (HOOP/CX)LUMN) 
DEPLOYABLE REFLECTOR CONCEPT FOR LARGE SPACE 
SYSTEMS APPLICATIONS 


D. C. Montgontery amd L. D. Sikes 
Harris Cori ration 
Government Systems Group 


NASI - 15763 


LSST 1ST ANNUAL TECHNICAL REVIEW 


NovCTiber 7-8, 1979 




The Hoop/Coluan reflector concept is being developed for mission applica- 
tions in the mid i,§80's ami The accoeipanYing artist's conception 

“ ‘ ~ te: 


HO^/COMMS RflPLECTOB 
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N80-19151 


PROGRAM OBJECTIVE 


The program is a technology development study. Ihe specific technologies 
to be developed are stated below. 


PROGRAM OBJECTIVE 


TO DEVELOP THE TECHNOLOGY NEEDED TO EVALUATE, 
DESIGN, FABRICATE, PACKAGE, TRANSPORT AND 
DEPLOY THE MAYPOLE HOOP/COLUMN REFLECTOR 
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PROGRAM DESCRIPTION 


*nie program is organized by specific tasks. Each task has specific 
objectives irtiich, idien combined, are directed at meting the overall program 
objective. Two tasks have been initiated to date. They will be highlighted 
later in this report. The remaining tasks are sunmarized below. 

Task 3 is an Advanced Concepts task which permits the study of spinoff 
technologies or other TBD areas of study. Task 4 is the hardware fhase of the 
contract. This task will be used to build demonstration models of the 
Hoop/Colunn antenna %diich show how it satisfies various focus mission require- 
ments. Additionally, an active surface adjustment breadboard model will be 
built to demonstrate this capability. Other el^nents of the design will be 
fabricated for evaluation. Task 5 will utilize the PRICE routine to provide 
parametric cost data or a family of antennas based on size, configuration, etc. 
Task 6 is a task intended to design a 5 meter dia. verification model which will 
be built and tested subsequent to this contract. 


PROGRAM DESCRIPTION 


• TASK1 - CONCEPTUAL DESIGN AND PERFORMANCE PROJECTIONS 

FOR THE MAYPOLE IHOOP/COLUMN) REFLECTOR CONCEPT 
FOR LARGE SPACE SYSTEMS APPLICATIONS 

• TASK 2 - MATERIALS DEVELOPMENT 

• TASKS - ADVANCED CONCEPTS 

• TASK 4 - DEMONSTRATION MODELS AND FULL SCALE ELEMENTS 

• TASKS - ECONOMIC ASSESSMENT 

• TASKS - 5-M DIAMETER VERIFICATION MODEL 
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HOOP/OOURiN CONCEPT 


Hie following three figures illustrate the basic concept approach, the 
conceptual design shown was the direct result of the previously mentioned 
AAFE progr^ 2utd formed the basis of the present LSST Hoop/Oolumn development 
study effort, the basic elements described are the telescc^ing mast, the 
rigid articulating hoop and a series of cords used to shape the surface and 
position the hoop. 


HOOP/COLUMN CONCEPT 
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Hoop/Coliifiiii Dep i oyinent 
SecpMnce 


•J 




MCSM SHAPING TICS 


TASK 1 


CONCEPTUAL DESIGN AND PERFORMANCE PROJECTIONS 
FOR THE MAYPOLE (HOOP/COLUMN) REFLECTOR 
CONCEPT FOR LARGE SPACE SYSTEMS 
APPLICATIONS 
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TASK 1 OBJECTIVES 


This task is the primary design and analysis portion of the program. The 
first objective is key to performing all subsequent activities in this task. 

By reviewing the focus mission scenarios provided by NASA, specific configu- 
ration requirements have been determined. Upon completion of this review, 
technology drivers are identified and organized into a document (Reflector 
Requirement Document) which will serve as the design specification for the 
balance of the program. These requirements will define the configuration or 
"point design" which may or may not be one specific mission. 

A detailed conceptual design must then be established around the require- 
ments of the RRD. Full analyses will be accomplished in order to provide 
performance projections for the design. Related to this analysis will be the 
development of a scaling technique which will permit performance estimates for 
a given configuration over the rcuige of sizes from 15 to 100 meters in diameter. 

Additional objectives include the development of both manufacturing and 
testing methods consistent with structures of this size. 


OBJECTIVES 


• DEFINE “POINT DESIGN" CONFIGURATION RESULTING FROM TECHNOLOGY DRIVERS 
IDENTIFIED DURING MISSION SCENARIO STUDIES 

• DEVELOP A REFLECTOR REQUIREMENTS DOCUMENT (RRD) 

• ESTABLISH A DETAILED CONCEPTUAL DESIGN AROUND REQUIREMENTS OF THE RRD 

• PERFORM ANALYSIS TO PREDICT ANTENNA PERFORMANCE 

• ESTABLISH A “SCALING" PHILOSOPHY AND TECHNIQUES TO PREDICT PERFORMANCE 
OF ANTENNAS OVER THE RANGE OF 15-M TO 100-M DIAMETER 

• ESTABLISH A MANUFACTURING PLAN CONSISTENT WITH THE REQUIREMENTS OF 
THE DESIGN 

• DEVELOP A TEST PHILOSOPHY AND APPROACHES REQUIRED TO VERIFY PERFORMANCE 


122 



TASK 1 FLOW 


The plan for meeting the objectives of this task is shown in the figure 
below. Present activities are centered around identification of the tech- 
nology drivers necessary to define the point design. 


REVIEW MISSION 
SCENARIOS: 


TASK 1 FLOW 


COMMUNICATIONS 


RAOIOMETRV 


RAOIOASTRONOMY 
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LSST MISSION SCENARIO SUMMARY 


Mission scenario data was provided by the NASA Langley Research Center in 
the form of a report given by ref. 1. Therein was described mission data 
for advanced communications and public service satellite, soil moisture radio- 
metry, and radio astronomy. An exercise of evaluating various system config- 
uration alternates based on the individual missions was implemented with the 
intent of choosing the most optimum design approaches. The only scenario which 
was not clearly defined was the public service satellite mission. It seemed 
most reasonable during preliminary evaluations to postulate maximum mission 
requirements to conform to that of advanced communications. If this is done, and 
as this mission becomes more clearly defined with indications that the require- 
ments are not as complex as previously assumed, the proposed syston can be reduced 
in complexity. 


LSST MISSION SCENARIO SUMMARY 


MISSION 

COMMUNICATIONS 

MICROWAVE 

RADIOMETER 

SYSTEM 

RADIO 

ASTRONOMY 

(VLBI) 

parameter''-^.,^^ 

ADVANCED 

PSS 

FREQUENCY (GHz) 

4-6 

11-14 

0.87 

2.0 

1.4 

1.4-22 

POINTING ACCURACY 
(DEGREES) 

0.035 

0.035 

0.035 

0.035 

0.1 

0.01 

BEAM NUMBER 

219 

219 

TBD 

219 

200-300 

1 

BEAM ANGLE 
(DEGREES) 

0.256 

0.256 

TBD 

0.256 

U.u6 

FREQUENCY 

DEPENDENT 

BEAM ISOLATION (dB) 

-30 

-30 

-30 

-30 

N/A 

N/A 

ORBIT ALTITUDE 

GEO 

GEO 

GEO 

GEO 

LEO 

LEO 

RESOLUTION (km) 

N/A 

N/A 

N/A 

N/A 

1 

10'5/SEC;^.^-^ 

^...-"•■^'^/SEC^* 

REVISIT COVERAGE 
(DAYS) 

N/A 

N/A 

N/A 

N/A 

3 

N/A 

SWATH ANGLE 
(DEGREES) 

N/A 

N/A 

N/A 

N/A 

+ 30 

N/A 

LIFETIME (YEARS) 

>20 

>20 

>20 

>20 

>20 

>20 


•TARGET 

••GOAL 
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FACTORS INFLUENCING CONFIGURATION CHOICE 


(ADVANCED COMMUNICATIONS) 

The Advanced Communication mission scenario calls for a multiple beam 
antenna capable of producing 219-100 mile highly isolated spot beams covering 
the Continental United States. Selection of appropriate designs fulfilling this 
coverage requirement places great stress on configuration dependent parameters. 
These parameters greatly influence the ability of the proposed system to meet 
the coverage requirement while at the same time meeting the isolation and 
efficiencies required. Trade studies must be performed to define acceptable 
bounds on reflector size, F/D, feed array configuration geometries and array 
sizes, each of which influence multibeam performance, blockage and intrabezun 
isolation. Depending on whether a large symmetrical reflector or an offset 
reflector system is used, the feed system may either be extremely complex or 
simple. This will influence internal system losses and overall system efficiency. 


FACTORS INFLUENCING CONFIGURATION CHOICES 

(ADVANCED COMMUNICATIONS) 


• MULTIPLE BEAM PERFORMANCE 

- REFLECTOR F/D 

- REFLECTOR SIZE/MULTIPLE REFLECTORS 

- AVAILABLE FEED ARRAY REAL ESTATE 

- FEED ARRAY ELEMENTS 

• BEAM-TO-BEAM ISOLATION 

- REFLECTOR F/D 

- BLOCKAGE 

- FEED ARRAY ELEMENTS 

- BEAM USAGE SCHEMES 

• INTERNAL SYSTEMS LOSSES 

- FEED ARRAY CONFIGURATION CHOICES 

- BEAM ISOLATION SCHEMES 
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RESOLUTION OF RF DESIGN CONCERNS 


(ADVANCED CCM4MUNICATION) 

Use of the total aperture of the symmetrical reflector system is desirable 
since this appears to be the most efficient use of the total system. Trade 
studies have been conducted which indicate that to use the entire reflector 
implies that an extremely large feed array must be employed where each feed 
element is small. The reflector system is over illuminated with a lare per<‘ 
centage of blockage, resulting in high sidelobes. Additionally, the second- 
ary beams are too narrow for this application. This requires that the beams 
be combined in such a way that the overall combining process produces a flat 
topped beam with high sidelobes. The isolation will be acheived by utilizing 
frequency and polarization diversity tc provide guard bands which will contain 
the sidelobf's. 

Alternatively, an offset system may be designed which produces the appro- 
priate secondary pattern size. The blockage will not be present but the feed 
array real-estate availability will dictate that several offset reflectors will 
be required. Use of this type of system buys the added advantage of low coma 
distortion and low scan loss as indicated by ref. 2. 


RESOLUTION OF RF DESIGN CONCERNS 

(ADVANCED COMMUNICATIONS) 


• THE OBVIOUS INHERENT RF DESIGN CONCERN FOR A LARGE SYMMETRICAL 
REFLECTOR CAN BE RESOLVED BY DEVISING A BEAM PLAN WHICH ISOLATES 
SIDE LOBES BY UTILIZING GUARD BANDS GENERATED BY PROPER USE OF 
POLARIZATION AND FREQUENCY DIVERSITY 

• RF BLOCKAGE AND LOW F/D PROBLEMS CAN ALSO BE OVERCOME BY USING 
MULTIPLE OFFSET REFLECTORS 

- AS F/D INCREASES THE ASSOCIATED COMA DISTORTIONS DECREASE, BUT 
SO DOES THE AVAILABLE FEED ARRAY REAL ESTATE; HENCE A MULTIPLE 
REFLECTOR SYSTEM MUST BE EMPLOYED USING BEAM INTERLEAVING 

- BEAM ISOLATION IN THESE DESIGNS OBTAINED BY USING FREQUENCY 
DIVERSITY AND ORTHOGONAL POLARIZATIONS 
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ANTENNA CONFIGURATION CANDIDATES 


(ADVANCED COMMUNICATIONS) 

■nie Maypcle Hoop/Colunm concept lends itself quite well to t'/o config- 
urations — a synmetrical reflector system and a quad offset design. The basic 
configuration in either case is what appears to be a symmetrical reflector 
system with F/D of approximately one. Referring to the discussion on the 
previous page, the syinnt jrical system is very complex where each individual 
0.25° beam is comprised of nine narrower beams. Total array size is 1317 
feeds. The offset design is achieved by generating a surface in each quadrant 
of the symmetrical Hoop/Column which represents an offset reflector system 
havii.g a boresight axis parallel to the Column axis. Since the available area 
for feed elements has been increased by four, the number of feeds per reflector 
is 55 full sized scalar feeds. The total structural size is the same for the 
offset geometry as it is for the symmetrical system; hence, the offset F/D is 
effectively doubled to two. 


ANTENNA CONFIGURATION CANDIDATES 

(ADVANCED COMMUNICATIONS) 


• SINGLE SYMMETRICAL FOCAL POINT FED PARABOLOID 

- F/D « 1 

- 219 BEAMS (BEAM WIDTH = 0.25°) 

o EACH SPOT B'tAM COMPOSITE OF NINE SUMMED BEAMS 

o BEAM ISOLATION ACHIEVED BY USING POLARIZATION AND 
FREQUENCY DIVERSITY 

o SINGLE FEED ARRAY -1317 FEEDS 

• CUSPED QUAD APERTURE DESIGN 

- SINGLE REFLECTOR WITH QUADRANT SUBDIVISIONS 

o EACH QUADRANT CONTAINS SINGLE OFFSET SYSTEM 

o 5R ^EAMS (FEEDS)/OFFSET REFLECTOR SPACIALLY INTERLEAVED 
TO PRODUCE 219 EQUALLY SPACED SPOT BEAMS 

- F/D w 2 FOR OFFSET SYSTEM 
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SINGLE SYMMETRICAL REFLECTOR 


As has been discussed, the array feed geometry for the synanetrical reflector 
is very imposing and causes the symmetrical system to have several serious R.F . 
problems. The aperture blockage problem causes the overall gain loss to be 
appreciable. This can be partially compensated for by adjusting the aoerture 
size slightly. A total buy back cannot be achieved in this way, however. The 
system side lobe level is also increased, but this may be compensated for by 
generating guaurd bands by properly utilizing the band channelization. The system 
network loss will be higher than normal due to the requirement of using multiple 
diplexers, many power dividers and yards of waveguide. 


SINGLE SYMMETRICAL REFLECTOR 

(ADVANCED COMMUNICATIONS) 
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QUAD APERTOWE/FEED CHARACTERISTICS 


The Quad J^rture systen employing the Maypole Hoop/Colunn concept requires 
four individual surfaces %ihose boresights are parallel to the Column axis. Ihe 
focal point of each offset is totally offset so that the aperture is unblocked. 
The feed arrays for each reflector are attached to the central columns via a five 
axis gimballing system. This gimbal is required on each feed array to do an 
orbit adjustment of reflector illumination in the situation vihere small <tmounts 
of compensation are required due to deployment misalignment. Thxs function is 
performed by two axes of the five axis systan by rotating the array in two planes 
The beam interleaving is adjusted by translating the feed array in two dimensions 
This effectively scans the beam bundle in space and fixes the beat crossover 
levels. Beam focusing adjustments are performed by a single dimensional trans- 
lation along the offset boresight. 


QUAD APERTURE/FEED CHARACTERISTICS 

(ADVANCED COMMUNICATIONS) 


• INDIVIDUAL CUSPED APERTURE CONFIGURED IN OFFSET GEOMETRY 

• OFFSET REFLECTOR SURFACE COMPRISED EITHER OF MULTIPLE MESHES 
OR SCALLOPED OFFSET OUTLINE 

- MULTIPLE MESHES 

• OFFSET REFLECTOR MESH HIGHLY REFLECTIVE AT 4-6 GHz BAND 

• SURROUNDING MESH LOW DENSITY OR COMPRISED OF FREQUENCY 
SENSITIVE SURFACE (FSSI ELEMENT 

- SCALLOPING TO OUTLINE OFFSET REFLECTOR SURFACE 

• FEED SYSTEM FOR EACH QUAD SECTION ADJUSTED BY FI* 'E AXIS GIMBAL 

- REFLECTOR EDGE ILLUMINATION ADJUSTMENT 

- BEAM INTERLEAVING POSITION ADJUSTMENT 

• FEED GEOMETRY IS AREA COVERAGE DEPENDENT 
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QUAD APERTURE APPROACH 


(ADVANCED COieiUNICATXON) 

The nesh region shorn in each quadrant oust be coiqprised of aultiple aeshes, 
or the offset reflector outline must be defined by a scalloped 3xterior. If the 
wedged shaped region in each quadrant was developed from a single mesh, the feed 
energy would not be efficiently used. The circular regions shown in the figure 
represent the -15 dB feed pattern main beam levels. Past this circular area 
several high level sidelobes exist. The first sidelcdie is -17 dB compared to 
the main beam, and the second and third sidelc^>es are relatively high as well. 

If these sidelobes fall on the reflector surf^e, they will cause substantial 
gain less. The region per qu^rant beyond the circular area must be either open 
mesh or frequency sensitive surface el«nents tuned to a sufficiently displaced 
out-of-band frequency so that sidelcdoe energy is leaked through that region of 
the reflector. 


QUAD APERTURE APPROACH 

(ADVANCED COMMUNICATIONS) 




SPACIALLY INTERLEAVED BEAMS 
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SYWIETRICAVQUAD aperture trades 


(ADVANCED COMtUNICATlONS) 

COn^risons of tte syuaaetrical leflcctor to the offset system have been 
made on a qualitative basis without applying exacting scrutiny to sysvem 
related performance parameters. However, enough investigative rigor has been 
a{^lied to feel that selection of one of these approaches can be clearly made. 
The syroetrical reflector system appears to fail on several import^ult counts. 
Network losses medce this system less efficient than is desir2d>}.e for a coonuni- 
cations mission. Other inefficiencies relating to gain loss due to blockage and 
loss in beam efficiency due to high sidelobe level maJce this approach unattrac- 
tive. Conversely, the quad aperture design wins on all counts and is clearly 
the most appropriate use of the Maypole Hoop/Column geometry for advanced 
cooDunications . 

SYMMETRICAL/QUAD APERTURE TRADES 

(ADVANCED COMMUNICATIONS) 


PERFORMAfKE 

PARAMETER 

EVALUATION SUNNMARY 

SYMMETRICAL 

QUAD APERTURE 

LOSSES 



• SC^NING 

MEDIUM 

LOW 

• COMBINING 

-9dB 

LOW 

• NETWORK 

LOSSY 

NEGLIGIBLE 

COMA DISTORTION 

MODERATE 

NEGLIGIBLE 

CRO^ POLARIZATION 

NONE 

NEGLIGIBLE 

ISOLATION 

GOOD 

EXCELLENT 

BLOCKAGE 

LARGE 

NONE 

FEED SYSTEM COMPLEXITY 

EXTREME 

MODERATE 

GAIN VARIATION 

NEGLIGIBLE 

-3dB 

(BEAM-TO-BEAM) 



OVERALL GAIN 

-9.5 dB + NETWORK LOSSES 

-9 dB + NETWORK LOSSES 

(COMPARATIVE) 


: 
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ALTERNATIVE METHC» FOR USING CUSPED QUAD APERTURE 


DESIGN FOR 4-6 GHz AND 11-14 GHz 
(ADVANCED COMMUNICATIONS) 

As defined by the mission scenario information, the advanced communication 
system should employ both C-band and Ku-band capability. However, such a dual 
band system would require individual antennas per band unless a scheme for 
using a single Maypole antenna could be devised. This is, in fact, the intent. 
Before this method is discussed, sc»ne of the physics of aperture antennas should 
be addressed. Recalling that the system requirement is for 219-100 mile spot 
beams, the angular half-power beam width is approximately 0.25 degrees. The 
reflector size required for this beamwidth can be determined by a coranonly known 
formula relating reflector size in wavelengths to half power beamwidth. The 
relationship is linear so that since the C-band wavelength is 2.5 times longer 
than the Ku-band wavele.igth the apertures must be 2.5 times different in size 
to produce the same beamwidth. 


ALTERNATE METHOD FOR USING CUSPED OUAD 
APERTURE DESIGN FOR 4-6 GHz 
AND 11-14 GHz 

(ADVANCED COMMUNICATIONS) 


• INDIVIDUAL OFFSET REFLECTOR EMPLOYS TWO MESH ARRANGEMENTS 

- CENTRAL MESH ASSEMBLY HAS GOOD REFLECTION CHARACTERISTICS 
IN BOTH BANDS: HOWEVER. PROJECTED CIRCULAR APERTURE DIAMETER 
DESIGNED TO GIVE 0.25° HPBW AT 12.5 GHz 

- FSS, DESIGNED TO PASS 11-14 GHz ENERGY WHILE REFLECTING 4-6 GHz 
ENERGY; DIAMETER OF FSS., PROJECTED APERTURE DESIGNED TO GIVE 
0.25° HPBW AT 5 GHz 

- FSS2 TRANSPARENT TO BOTH 4-6 GHz AND 11-14 GHz ENERGY 

• 1 1-14 GHz FEEDS LOCATED IN VERTEX REGION OF HOOP/COLUMN SYSTEM; 
SPLASH PLATE FSS SUBREFLECTOR USED TO ILLUMINATE OFFSET REFLECTOR 

• 4-6 GHz FEEDS LOCATED AT FOCAL P^INT OF OFFSET SYSTEM 
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4-6 GHz/11-14 GHz SYSTEM 


(ADVANCED CDMtfUNICATIONS) 

The mesh system that is used for the two bands of operation can be designed 
to be frequency sensitive so that portions of the mesh are reflective only at 
the appropriate design frequencies. As shown in the figure the central region 
of the C/Ku reflector is highly reflective to both bands tdiile being the correct 
diauaeter to produce a 0.25 degree pencil beam at Ku-band. Hie mesh imnediately 
attached to the central area is composed of frequency sensitive surface (PSSi) 
elements which are resonant (reflective) at C-band only and transparent to 
Ku-band energy. The inmediate surface (supporting surface) surrounding FSSi 
{FSS 2 ) is transparent to both C/Ku band energy. The FSSj surface and central 
region correspond to a circuleur aperture size required to produce a 0.25 degree 
spot beam in C-band. Since the C/Ku-bemd feeds cannot occupy the same area, the 
Ku-band feeds must be placed along the central column out of the focal region 
of the offset, hence, the requironent for the FSS splash plate. 


4-6 GHz/11-14 GHz SYSTEM 

(ADVANCED COMMUNICATIONS) 



FEEDS 


^ CENTRAL MESH ASSEMBLY 
0 FSS, 

0 FS$2 

0 FSS SENSITIVE TO 11-14 GHz ENERGY 
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PUBLIC SERVICE SATELLITE MISSION 


As discussed previously, public service satellite mission scenario data was 
not as definitive as was advanced coomunications data. Since advanced cootmuni- 
cations appeared to be a most difficult mission to accomplish systems wise, it was 
felt that the same systems description should be applied to the bands of appli- 
cation- Hence, a simple scaling operation was performed on the offset reflectors. 
Hie feed array geometry does not change since the required real estate is deter- 
mined by the area coverage requirement. Therefore, the dimensions shown were 
chosen on that basis. The 870 MHz system is a very formidable structure; however, 
it is felt to be an achievable size. 


PUBLIC SERVICE SATELLITE MISSION 


• EMPLOY SAME CONFIGURATION AS ADVANCED COMMUNICATION DESIGN 

• FREQUENCIES OF INTEREST: 0.87 AND 2.0 GHz 

• DIRECTLY SCALE ADVANCED COMMUNICATIONS DESIGN 

- 0.87 GHz : 200 METERS 

- 2.0 GHz : 97 METERS 
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LSST MICROWAVE RADIOMETER MISSION 


The soil moisture radiometer/advanced crop forecasting study data has shown 
an extremely large structure (upwards to a 660 meter reflector) . Since it is felt 
that this requires a far term technology commitment, a reduced size radiometer 
addressing the same mission must be investigated to define a more practical 
approach for a near term LSST focus mission. Several reduced size concepts 
were investigated including a low earth orbit configuration requiring reboost. 

The reboost geometry is interesting, but the propellant required to occasionally 
reboost is excessive. The non reboost geometry still involves large structural 
exponents, which places this LSST mission in the far term application category. 


LSST MICROWAVE RADIOMETER MISSION 


• FURTHER SYSTEM DEFINITION REQUIRED BY ADDITIONAL 
TRADE STUDIES 


• POTENTIAL MISSION REDUCTION TRADE-OFF ANALYSES 
ONGOING 

• CURRENT CONCEPTUAL CONFIGURATIONS TEND TO PLACE 
THIS MISSION IN THE LSST FAR TERM APPLICATIONS 
CATEGORY 

— REDUCED SIZE RADIOMETER EXTREMELY DIFFICULT 

• CENTRAL COLUMN LENGTH 400 METERS 

• FEED ARRAY LENGTH 100 METERS 

-r REBOOST CONFIGURATION INVOLVES EXCESSIVE 
PROPELLANT 
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PROPOSED RADIO ASTRONOMY (VLBI) 


The orbiting very long baseline interferometer reflector system requirements 
were investigated and a Cassegrain antenna system was suggested. The specifics 
of the reflector and subreflector shaping were not addressed, but gross parameters 
of the system were defined. It is felt that very specific aspects of the systecns* 
design can be defined at a later point since major antenna performance depend- 
ence is defined by the seperation distances of the antennas on the baseline. 

Other antenna characteristics which should be considered early in the program 
are receiver front ends, feeds and the associated cryogenics. An important 
systems aspect which should not be overlooked is the beam squint compensation 
problem which can be solved by employing a pointable subreflector. Actual imple- 
mentation of this compensating mefuis has not been defined; however, illustrations 
of proposed mechanisms shall be shown later. 


PROPOSED RADIO ASTRONOMY (VLB!) 


• INITIAL STUDIES INDICATE THAT A 30-METER CASSEGRAIN SYSTEM 
WILL SERVE VLBI NEEDS 

- F/D = 0.7 

- -3-METER SUBREFLECTOR 

• FREQUENCY BANDS OF INTEREST: 1.4, 2.3, 5.0, 7.9. 11. 15. 22 GHz 

• SINGLE BEAM PER FREQUENCY 

• FEED ARRAY CONSISTING OF CIRCULAR ARRAY OF SCALAR HORNS 

• FEED ARRAY/SUBREFLECTOR SYSTEM COMMONLY SUPPORTED BY 
CENTRAL MAST IN HOOP/COLUMN CONFIGURATION 

• POINTABLE SUBREFLECTOR COMPENSATION FOR SQUINTED BEAMS 
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LSST ANTENNA REQUIREMENTS BASED ON MISSIONS 


To this point in the LSST program the following data has been compiled, 
outlining clearly defined antenna configurations. Parameters for each antenna 
including surface accuracy and gain have been included. Work is still being 
done in the radiometry area and ais acceptable mission scenario reductions are 
done to allow for a more realistic near term design, this will be presented. 
However, to the date of this publication those mission reductions have not been 
forthcoming. It is clear that for such large structures, for cost amortization, 
the system must remain operational for at least a 20 year period. This is felt 
to be a realistic eind achievable goal from a structural lifetime standpoint. 


LSST ANTENNA REQUIREMENTS BASED ON MISSIONS 



COMMUNICATIONS 

RADIO 

ASTRONOMY 

(VLBI) 

PAHAMETER ^ 

ADVANCED 

PSS 

FREQUENCY (GHz) 

4-6 

11-14 

0.87 

2.0 

1.4-22 

REFLECTOR 
DIAMETER (METERS) 

55 

55 

200 

97 

30 

F/0 

2 

2 

2 

2 

0.7 

SURFACE ACCURACY 

A/50 

A/50 

A/50 

A/50 

A/30 

GAIN (dB) 

60.3 

60.3 

60.3 

60.3 

52.6-76.0 

BEAM NUMBER 

219 

219 

219 

219 

1/FREQ 

BEAM ISOLATION (dB) 

-30 

-30 

-30 

-30 

N/A 

LIFE TIME (YEARS) 

>20 

>20 

>20 

>20 

>20 
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MAJOR ELEMENTS - AREAS OF CONCENTRATIC«J 


During the period involving the study of the mission scenarios and 
configiaration definition, design activities continued in parallel on non- 
mission dependent elements. The major elements are listed below. 


MAJOR ELEMENTS 
AREAS OF CONCENTRATION 


• TELESCOPING MAST 

• HOOP 

• CONTROL SYSTEM 
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CABLE DRIVEN MAST 


One mast design which was pursued is the cable driven mast. This concept 
is a variation on several state-of-the-art desigrs presently being utilized as 
high-lift personnel platforms. The figure below depicts a mast cross section 
which is typical 3 places around the central axis. The basic design consists 
of multiple shells nested inside each other. Attached to the flange of each 
section is a pulley. A cable is fastened to the inner-most section and routed 
over pulleys on the upper and lower flanges of adjacent sections. The opposite 
end is routed through a level wind device and terminated on a spool. 

Three drive motors are provided for redundancy. Each motor is connected 
to a level wind drive sere..' and the main take-up spool by means of gears. As 
the cable is wound on to the spool, the mast sections are driven outward until 
latching of each section is accomplished. The reverse cycle (retracting) is 
accomplished by means of a single cable (not shown) attached to the inner-most 
section. By pulling this cable, unlatching of the 1st section takes place and 
it is retracted. Each section is unlatched by the motion of adjacent inner 
sections . 


CABLE DRIVEN MAST 
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SINGLE SCREW MAST 


A second mast configuration under study is the single screw mast concept . 
Deployment is accomplished by a jack-screw type mechanism. The telescoping shell 
members are nested inside each other when stowed. The inner-most section has a 
nut element which is engaged on the threaded portion of the single screw along the 
central axis . All these sections have floating nuts which are not engaged on the 
threaded portion of the screw. As the screw is rotated, the inner section trans- 
lates outward. Three guide rods provide alignment and rotational restraint for 
each section. When the inner section contacts the upper flange of the adjacent 
section, it forces that section to translate upward also. This motion causes the 
floating nut of the second section to engage on the threaded portion of the screw. 

The floating nut is required to ensure the thread 1 -sad of the screw mates 
properly and causes no binding or jam nut type action. The cycle continues in the 
same manner for all subsequent sections. 


SINGLE SCREW MAST 
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SINGLE REVERSIBLE BRLLSCREW MAST 

Ttie third mast concept described here is similar to the singre screw i.iast. 

It differs in the fact that a single nut element is used to drive all sections . 

As in all the concepts, the mast sections are nested inside each other when 

stowed. Deployment takes place by rotating the screw which in turn causes the 
nut to translate. The nut contains a mechanism which unlatches all sections, 
plus a hook element that captures the base of each section and provides a means 
to drive the sections outward. 

When the first section nears the end of its travel , it latches with the upper 

flange of the adjacent section. When latching is complete, the drive unit 

reverses direction causing the nut element to return down the screw until it 
unlatches the second section and engages its base. The drive unit again reverses 
direction and drives the second section outward in the same manner as the first 
section. The sequence is repeated until all sections are deployed . 



SINGLE REVERSIBLE BALL SCREW MAST 


ANTITORQUE 

GUIDE RODS 


lAii 

SCREW 


UNLATCHING 

MECHANISM 


LATCH RELEASE 
LINKAGE 


MAST RESTRAINTS 
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SIKC.LE STACE HOOP DEPLOYMtKT SEQUENCE 

Another hoop concept vAt- developed on this prograas in an attenspt Po simpli- 
fy the deplcvnmcnt ^d hence control system reguireaents of the hoop. The 
deplov'ment sequence of this concept is shown in the figure below. 'Rte approach 
dev'eloped utilizes v» double hinge at each joint which |>«‘raits rotation without 
any torsional wrap>-up in the hoop mt»Bfi>ers- The single stage deployment refers 
to the motion of the hoop throughout its deployment. The joints of the hoop 
describe a right circular cylinder at all stages of deployment. The individual 
hoop segments simply rotate fro® vertical to horizontal about an axis through 
the center of each ise^>er. These axes are radial lines forming a plane nosTmal 
to the axis of t.he mast. 

Advantages of this hcH>p deployment method incliKie control system simplifi- 
cation, good mesh handling characteristics, and no toggling action as the hoop 
ccmipletes its deployment. 


SINGLE STAGE HOOP DEPLOYMENT SEQUENCE 
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SINGLE STAGE HOOP 


TbAS figure sbmis a scheaatic of the joint required for the sinole stage 
Iwp and how one ia«^er is coupled to axmther in different stages of deployra^nt 
hinge platform supports the two hinge p^>ints required of this concent. Each 
^ radial line through the center of .the mast and in a plane 
noraal to the aast central axis, (iniform motion is achiwed by means of a pushrod 
^nnected to offset attach points. Synchronication of this hoop is realiaefS 
keeping all hinge ^ latforms parallel during deployment. This occurs by means of 
strips or cables ,not stown) connecting one platform to the next. The systes 
works Siau.lar.Ay to a pantograph. 


SINGLE STAGE HOOP 
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SINGLE STAGE HOOP 


P.LAN VIEW 

Tfiis figure and 'the next figure show detailed layouts of the actual hinge 
joint. The hinge platform is a truss structure which exhibits high efficiency 
from a strengtJi aral stiffness to weight standpoint. The tubular hoop segments 
are terminated with foondod fittings which transition from a tubular section to a 
truss section which nates with the hii^ge platfon*!. 


SINGLE STAGE HOOP - PLAN VIEW 



MOTOR NOT SHOWN FOR CLARITY 


14 § 



SIIWLE STAGE HOOP 


SIDE VIEW 

Tliis figure shows the joint previously described from a side view. The 
pushrod is visible in this view and can be seen connecting the adjacent hoop 
segments. The synchronization strips can also be seen attaching to the hinge 
platform. Also described in this figure is a method for driving the hoop. 

A linear actuator is used to drive one section which in turn drives the adjacent 
section. 


SINGLE STAGE HOOP ~ SIDE VIEW 

DEPLOYED POSITION 


LINEAR M:TUAT0R 
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COLMUNICATIQIS MISSION DEPLOYED 


This figure shows a top view of the deployed antenna. The circular areas 
represent the ir»3ividual feed array illumination areas on each quadrant. 



HOOPSEOMENT 

TYPICAL 48 PLACES 


COMMUNICATIONS MISSION DEPLOYED 


US 



COJWUNICATIONS MISSION STOWED 


This figure shows a representation of the basic stowed configuration. The 
teed ^ arrays are attached to a supporting beam by 5-axis gimbals. These gimbals 
provide all adjustment capabilities necessary to align all R.F. beams after 
deplovTnent. The lower end of the conf igaration shows a mechanism which permits 
the required offset attach point for tlie surface control stringers. 
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h secoM aission for which the Hoop/Colmn concept was configured is 
Astronomy . This approach utilizes a syajMstrical reflector and a multi-horn 
Cassegrain system. The subreflector is supported by extendable Astrcsmasts, 
manufactured by ASTRO Research Corporation, in a tripod arrangement. This 
permits pointing of the subreflector as well as axial defocusing adjustments 
The antenna is sized at 30 meters in diameter . 


RADIO ASTRONOMY \r 




RADIO ASTRONCMIY STOWED 

The antenna confignration in the stewed position. 

solid svito.eflector is the driving constraint on stowed diameter. Ke stowed 
package is readily acccaanodated by the shuttle cargo bav. 




TASK 2 MATERIALS DEVELOPMENT 


This task is the only other taf^ initiated to date. The entire task funding 
is directed toward developnent of cable technology. The applications of this 
technology reach well beyond the Hoop/Colunin antenna to many of the proposed large 
space structures using cable tensioned structural elements. 


TASK 2 


MATERIALS DEVELOPMENT - CABLE TECHNOLOGY 
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TASK 2 OBJECTIVES 


Hiis development activity is tailored toward the specific environmental 
requirements of earth orbits. Detailed requirements must be defined in order 
to limit the scope of the task toward particular applications. A review of 
available data is required to provide background information and clues to what 
approaches appear feasible or worth pursuing. 

Basic material candidates will be generated and samples fabricated in various 
configurations. Material properties data will be developed through a number of 
tests. Finally, a cable configuration will be selected and its properties used 
in the analytical models of task 1 which are used for performance projections. 


OBJECTIVES 


• DEFINE CABLE REQUIREMENTS. STRUCTURAL. THERMAL. ENVIRONMENTAL 

• PERFORM DATA RESEARCH 

• EVALUATE CANDIDATE MATERIALS AND CONFIGURATIONS 

• FABRICATE SAMPLES OF SELECTED CABLE MATERIAL/CONFIGURATION 
COMBINATIONS 

• DETERMINE MATERIAL PROPERTIES OF SELECT CONFIGURATIONS VIA 
APPROPRIATE TESTS 

• PROVIDE DESIGN DATA AS INPUT TO TASK 1 ANALYSIS 
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FIRST ^EAR OBJECTIVES AND STATUS 


The joint NASA/HARRIS objectives and milestones for the first year of the 
program are shovm below. The status of the activities underway to meet these 
objectives are also listed. 


FIRST YEAR OBJECTIVES STATUS 


• DEVELOP REFLECTOR REOUIREMENTS DOCUMENT 


• PRELIMINARY POINT DESIGN TO MEET LSST 
REFLECTOR REQUIREMENTS DOCUMENT 


• DESIGN AND PERFORMANCE ANALYSES FOR MAYPOLE 
HOOP/COLUMN 


• DESIGN AND FABRICATE SCALED FEASIBILITY 
MODELS FOR FOCUS MISSION APPLICATIONS 


• DESIGN SURFACE CONTROL BREADBOARD 


• MISSION SCENARIOS RECEIVED AND EVALUATED 

• TECHNOLOGY DRIVERS IDENTIFIED 

• PRELIMINARY DOCUMENT DEVELOPED 

• FINAL DOCUMENT COMPLETE. 1980 

• ELEMENT CONCEPT DESIGN TRADE STUDI '• 

IN PROGRESS 

• CONCEPT DESIGNS DEVELOPED FOR FOCUS 
MISSIONS 

• POINT DESIGN SELECTION SCHEDULED THIS 
MONTH 

• POINT DESIGN CONCEPT REVIEW IN FEB. 1980 

• TRADE ANALYSES SUPPORTING ELEMENT 
CONCEPT SELECTION UNDERWAY 

• PRELIMINARY PERFORMANCE ANALYSES FOR 
POINT DESIGN SCHEDULED FOR FEB 1980 
COMPLETION 

• EXTRAPOLATED PERFORMANCE FOR VARIOUS 
SIZE REFLECTORS AND FOCUS MISSIONS 
SCHEDULED FOR MAY. 1980 

• TO BE INITIATED UPON ACTIVATION OF THE 
DEMONSTRATION MODELS TASK 

• COMPLETION SCHEDULED FOR FEBRUARY. 1980 

• TO BE INITIATED AFTER POINT DESIGN 
SELECTION 

• COMPLETION SCHEDULED FOR MAY. 1980 
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OBJECTIVE 

The objective of the Surface Accuracy Measuretaent Sensor prograa is 
to develop an optical laeasureaent technology base frcwi which a wide range 
of sensor systeas for space applications can be derived, Exatsple systeas 
include: 

Attitude transf e r of isolated remote iostrunen ts: A typical instru- 

saent is positioned reaote to the paren*- vehicle to minimise contamiaa- 
tioa of its functioning: it may be restrained at Che end of a long, 

flcKlble aast» or by a tether, or possibly at a short range free 
f,lyer. 

Iteasureaent of large antenna surface distortio n: Distortions in the 

ref.lecting surfaces of large space antennas are to be n»asu.red in 
real tiae, providing ') a scans of assessing the antenna behavior, 
and 2) the sensor Input for active surface control. 

A id to ii:e manufacture and asseably of structures in space : The 

bending and twist of coi^oslte beaas during the foralag operation can 
be coni Cored . and the defoniations of the resultant long beams during 
assenihly can be continuously measured. 

For the isnodiate prograiB effort, howver, the sensor systeis applica- 
tion is limited to large antenna surface distortion neasurenents. 


JKi»»lSf£ROFIUAST 
wu\:tD riTMtstB 
(\STR,iMr\TS 


MtASuntMENT ANO ACTIVE 
COWTROt Of ANTt»««AStl«rAC6S 


I 

SENSOR AID IN 

WMiCf ACrURE ANO ASSEMBLY 

Of STROCTURfS SPACE 




REPRESENTATIVE LARGE SPACE ANTERIAS 


Of the candidate antennas for space applications^ the nondeployable 
are limited (co be Shuttle compatible) to s«»iething less tbui 5 meters 
diameter, and the erectable antennas, although showing prosd.se of hundreds 
of meters expanse, demand robotics, manipulators and/or extra-v^icular 
activities unavailable currently or In the near future. The deployable 
antenna, an antoma that can be stowed aboard the Shuttle in a single 
pack^e and unfurled independent of Shuttle support, fills the gap, provide 
log the tecimique for near^future realization of large, advanced space 
antennas. The current SAMS DRA program, thus, is specifically aimed at 
sensor systems for deployable antennas. 

Represeui.ati'.w of the deployable antennas are 1) the Harris Inc. 
Boop-and-Colum antenna, 2) the TBX Advanced Sunflower precisitm deployable 
antenna, 3} the Lockheed Wrap-rib configuration and 4) ttM General Dyn^ics 
Precisitm Erectable Truss Antenna (PETA). The Boop-and-Coluen, the Wrap-rib 
and the PETA antennas provide nesh reflectors up to about 100 meters 
diameter. The TRW Advanced Sunflower, a solid surface antenna, may have a 
diameter perhaps as large as 30 meters. 



Figure 2 
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SENSOR SYSTEM REQUIRQCENTS 


In addition to providing the necessary measurement range and required 
accuracy, the SAMS DRA must be compatible vith the space operation. If it 
is part of an active surface control system, its measurements must be made 
in real time, «rith signal outputs that conveniently interface with on''board 
microprocessors and that do not demand excessive computer manipulaticms. 

The measurement system must have long term stability, and must be unconfused 
by bright backgrounds such as glints from local structure and the sunlit 
earth. 

Since the sensor likely will be operating with the antenna activated, 
the sensor elements cannot degrade the microwave properties cf the antenna 
and cannot be affected by microwave Interferences from the antenna and 
drive. 

And for maximum assurance of success, the sensor system must rely solely 
upon established coiq>oiKnt technologies. 


• REAL-TIME MEASUREMENT OUTPUTS 

• IMMUNITY TO BACKGROUND (SUNUGHT GLINTS. EARTHSHINE. ETC.) 

• MEASUREMENT STABILITY 

• COMPATIBILITY WITH SIMPLE REAL-TIME DATA PROCESSING (I E.. LINEAR 
RESPONSES! 

• DIRECT INTERFACE WITH MICROPROCESSORS. FEEDBACK CONTROLLERS AND 
CONVENTIONAL RECORDERS 

• MODULAR SYSTEM ELEMENTS: SIMPLE. RUGGED. INEXPENSIVE (EXPENDABLE 
IF NECESSARY) 

• RELIANCE UPON EXISTING TECHNOLOGY BASE 


Figure 3 
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TECHNICAL APPROACH 


The two approaches toward the optical measurement of remote target 
displacements or deformations are: 1) optical ranging, in %diica the basic 

measurement is target-to-sensor range, and 2) optical angular sensing, in 
which the principal measurements are of target angular displacements 
lateral to the line of sight. For antenna distortion measurements, the 
techniques have constraints as illustrated in Figure 4. 

Target ranging : Ideally, the range measuren^nt is made from the 

center of curvature of the reflecting surface, at a distance approxi- 
mately twice the height of the feed point. More practically, the 
sensor head is at or Just below the feed. Angular definition of the 
target requires auxiliary sensing, such as angle encoders at the 
sensor pointing means. 

Angular measurement : The ideal angular measurement is from a line of 

sight tangent to the reflecting surface; and here, the best position 
for the sensor is at or below the apex of the reflecting surface. 
Conversion of angular deflections to lineal deflections at the target 
requires a knowledge of target-to-sensor range (at reduced accuracy). 

It is quite possible that the ultimate sensor system may be a hybrid, 
with both ranging and angle sensing capabilities. For its simplicity and 
compatibility with the antenna configurations, however, the angle sensing 
(triangulation) technique is the focus of the current effort. 


MEASUREMENT BY RANGING 


MEASUREMENT BY TRIANGULATION 


IDEAL POSITION 




Figure 4 
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CURRENT PROGRAM 


The following pages summarize the programmed effort under Contract 
NASl-15520 for NASA Langley Research Center. This effort has been divided 
into three phases: 

Phase 1: System Definition and Conceptual Design ; After a review of 

the requirements for the four representative deployable antennas, con- 
ceptual sensor designs for each configuration are formulated and 
performance estimates made. 

Phase 2: Proof of Concept Demonstration : The most critical areas, as 

pointed up by the conceptual design studies, are to be simulated in 
the Proof of Concept test. Results of the test establish the initial 
level of verification of the ultimate sensor system performance. 

Phase 3: Fabrication and Test of a Breadboard Unit : The deliverable 

breadboard unit is a basic sensor receiver and suitable targets 
for test and evaluation by LaRC. 


PROGRAM DESCRIPTION 
AND 

SUMMARY OF RESULTS 

Figure 5 
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PROGRAM FLOW CHART 


The central line of development is an iterative series of conceptual 
designs that become the basis for the breadboard. Paralleling this 
sequence, sensor system requirements, as established by the various antenna 
configurations and their interfacing, are continuously updated and refined, 
with the changes reflected in the sensor configurations. Along another 
parallel route, the characterization of the key components in the sensor 
system are validated and refined, leading to a final component selection for 
the breadboard. 



Figure 6 
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PROGRAM SCHEDULE 


Starting In September of last year. Phase 1, System Definition and 
Conceptual Design, was completed in March, 1979, and Phase 2, Proof of 
Concept Demonstration testing was completed in August (Demonstration for 
NASA in September). Phase 3, Breadboard Fabrici-^ion and Test, is in 
progress. 

The following pages gives a very brief review of the Phase 1 effort, 
and then discuss the tests and results of the P’'oof of Concept Demonstration. 
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PHASE 1. DEFINITION OF REQUIREMENTS AND CONCEPTS 

As discussed earlier, requirements for the four representative deploy- 
able antennas are to be defined; ai\d from these requirements, conceptual 
designs for a suitable sensor system for each configuration is to be made. 

It is assumed at the outset that primary intent of the measurement system 
is to determine the behavior of an active, in-operation antenna. A re- 
duced number (perhaps a hundred or less) target sample points at the an- 
tenna surface are adequate. It assumes that the fine-grain characterization 
of the antenna surface, demanding thousands of sample points, has been es- 
tablished by non-operational (e.g. , photogrammetric) testing. 


• SENSOR REQUIREMENTS FOR FOUR REPRESENTATIVE DEPLOYABLE ANTENNAS 
ARE TO BE DEFINED 

• CONCEPTUAL SENSOR SYSTEM CONFIGURATIONS ARE TO BE ESTABLISHED 
FOR EACH OF THE ANTENNAS 

• SENSOR COMPONENT CHARACTERISTICS ARE TO BE DEFINED 

• PRELIMINARY ESTIMATES OF SENSOR SYSTEM PERFORMANCE ARE TO BE MADE 


Figure 8 
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TYPICAL SENSOR SYSTEM CONFIGURATION 


A typical sensor configuration is shown for the Harris Hoop-and- 
Column antenna. The coordinate reference system for all measurements is 
established at the antenna hub, near the apex of the reflecting surface. 

At this hub, a ring of optical, dedicated (i.e., non-scanning) receivers 
provide simultaneous coverage of the entire reflecting surface as repre- 
sented by sample point targets at the mesh tie points and at the hoop. 

The targets may be active (i.e., light emitting diodes) or passive (i.e., 
retroref lectors, illuminated by light emitting diode projecters situated 
at the receivers). To minimize the number of receivers, each has multiple 
target coverage. 

Range to the hoop segments, needed to convert the angular motions 
to lineal displacements, is determined stoichiometrically (noting that 
the separation between two adjacent targets at the hoop can be estimated, 
for example, by the hoop segment temperature). Range interpolation appears 
adequate for the intermediate targets between the hoop and the hub. 


1. RECEIVER RING AT HUB ESTABLISHES 
CENTRAL REFERENCE FOR ALL 
MEASUREMENTS. 


2. MULTIPLE. NON-SCANNING RECEIVERS AT 
RING MEASURE ANGULAR DISPLACEMENTS 
OF BRIGHT TARGETS. 



3. VIA DATA PROCESSING, ANGULAR DISPLACEMENTS 
ARE CONVERTED TO LINEAR DISPLACEMENTS 
li.e. DISTORTIONS) AT THE TARGET POINTS. 


Figure 9 
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CONCEPTUAL CONFIGURATIONS SUMMARY 


In the baseline antennas selected* it was assumed that the maximum 
diameter. Shuttle compatible, for the TRW Advanced Sunflower was 12.5 
meters (this has later been revised upward), while the three deployable 
mesh antennas were 100 meter diameter. For all antennas, the niin<tnnm 
wavelength usable corresponded to 90 dB theoretical gain (10^ wavelengths 
across the antenna) . At this mimlmum wavelength, the required accuracy in 
measuring surface deformation was a thirtieth of a wavelength. These re- 
quirements thus represent the most difficult cases (excluding the special 
applications where exceedingly high side lobe rejection is demanded). 

From a sensor system viewpoint, the most challenging configuration 
is that for the Harris Hoop-and-Column. The preliminary estimate is that 
120 sample points are needed for a 40 gore antenna, and two- thirds of 
these samples are at the unsupported mesh tie-points. 



TRW 

AO V ANCEO SUNF LOWE R 

HARRIS 

MAYPOLE 

general 

DYNAMICS PETA 

LOCKHEED 

WRAP-RIB 

antenna CHARACTEPISTICS 





ANTENNA TYPE 

PRECISION DEPLOYABLE 

MESH deployable 

MESH DEPLOYABLE 

MESH DEPLOYABLE 

OfAMETEfl RANGE 

3 METERS TO » METERS 

15METERS TO 100 METERS 

15 METERS TO 100 METERS 

15 METERS TO 1X METERS 

FREQUENCY RANGE 

100 CHI TO X GHz 

0.6 GHz TO X GHz 

0.6 GHz TO X GHz 

0-6 GHz TO XGHz 

BASELINE ANTENNA MODEL 





CONSTRUCTION 

36 FOLDING STIFF PANELS 

40 GORE 

8 BAY 

XRte 

diameter 

13.5 METERS 

100 METERS 

100 METERS 

IX METERS 

MAXIMUM FREQUENCY 

340 GHz 

XGHz 

XGHz 

XGHz 

minimum wavelength 

1.35 millimeters 

1 CENTIMETER 

1 CENTIMETER 

1 CENTIMETER 

SURFACE measurement REQUIREMENTS 

MAXIMUM EXCURSION OF SURFACE 
{NORMAL TO OR TANGENTIAL 




XCENTIMETERS 

IN SURFACE) 

5 CENTIMETERS 

50 centimeters 

10 CENTIMETERS 

REQUIRED MEASUREMENT ACCURACY 

40 MICROMETERS 

333 micrometers 

333 MICROMETERS 

333 MICROMETERS 

NUMBER SAMPLE POINTS 

36 AT PANEL TIPS 

40 AT HOOP - X AT MESH 

48 AT NODES 

BOAT RIB TIPS 

location 

- 

AT TENSION STRINGER 
TIE POINTS 

- 

- 

total number of samples 

36 

IX 

48 

X 


Figure 10 
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PHASE 2. PROOF OF CONCEPT DEMONSTRATION OB. tcTIVES 


Of the sensor configurations for the four representative deployable 
antennas, that for the Harris Hoop-and-Column Is the most demanding. 
Sampling targets at the hoop segments are at a range of about ' meters 
from the receivers. These targets, however, can be active (1. •. emit- 

ting diodes). Intermediate targets at the mesh tie points are at lesser 
range, but may be required to be passive. Therefore both sensing modes, 
active with a light emitting diode target and passive with a retroreflec- 
tor target, must be demonstrated. Moreover, estimated excursions of the 
targets from their nominal positions may be as large as 50 centimeters, 
total. With these conditions, the overall measurement accuracy at any 
target point is to be 333 micrometers. 

Since it is impractical to realize a full scale demonstration, the 
Proof of Concept test was devised for a tenth scale. That is^ the 
target-receiver distance was about 4.5 meters, the consequent maximum 
target excursion, 5 centimeters, and the required accuracy, 33.3 micro- 
meters. To account for the change in target radiant power received, the 
target brightness was correspondingly scaled down. 


• MOST DEMANDING APPLICATION IS THE HARRIS HOOP-AND- COLUMN ANTENNA 

• BOTH ACTIVE (LED) AND PASSIVE IRETROREFLECTOR) TARGETS ARE TO BE USED 

• TARGET-RECEIVER RANGE IS TO BE ONE-TENTH SCALE 

• MEASUREMENT ACCURACY AND TARGET EXCURSION ARE S^ -^^ED ACCORDINGLY 
•• TARGET BRIGHTNESS IS REDUCED TO ACCOUNT FOR SCALING 

• DEMONSTRATION IS TO BE: 1) MEASUREMENT ACCURACY 

2) MAXIMUM TARGET EXCURSION 

3) SIGNAL -TO -NOISE 

Figure 11 
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PROOF OF COMCEPT SETUP 


The Proof of Concept setup consisted cf a single axis receiver view- 
ing a target Bounted on a precision two-axis traverse. Incremental ad- 
justment accuracy of the traverse was 2.5 micrometers (,001 inches) . Sig- 
nals from the detector were amplified, electronically bandpassed, and fed 
to a systems voltmeter. Its digital output was sent to a mini -processor 
that computed the measured coordinate, X, of the target . Additionally, 
the computer gave as outputs 1) the signal sum (measure of the incident 
flux at the detector) and 2) the rms variation, or noise, in the signals. 

The test consisted of performing a traverse at the target, recording 
the computer output at each traverse increment. From the results, the 
maximum measurcahle excursion at the target , the linearity of the response, 
die measurement accuracy, and the system noise could he determined . From 
th' scale factor, these values could imoed lately be extended to the full 
size antenna sensor. 


1- FUUSUME ANTEftifilA 



2. TIIWTHSCAU OCmOMSTRATION 



Figure 12 
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PROOF OF CONCEPT SETUP PROTO 


As shown in the photo, the setup was made on a 5 meter optical bench . 
At the extreme right the x-y traverse (moved forward in the picture) car- 
ried either a light emitting diode target or a retroreflector. In the re- 
troreflector (passive target) mode, the target was illuminated by a light 
emitting diode projector - diode and beam shaping horn shown to the right 
of the receiver aperture. At the receiver , an objective lens imaged the 
target on a single axis, silicon PIN detector. Immediately aft of the 
detector is an electronic box enclosing the dual channel preaaplif ier- 
postamplifi».rs. Suppt rt electronics, including the 9825A Hewlett-Packard 
computer, are to the xe. c of the setup shown. 



PROOF OF CONCEPT RESULTS 


A comparison of the required and the measured performarxes for the 
Proof of Concept is made below: 



Required 

Measured 

Max. Target excursion 
At test setup 

F 2.3 cm* 

+ 2.75 cm 

Extrapolated to 

antenna 

+ 29.7 cffi 

+ 25 cm 

Deviation froa linearity 
At test setup 

-it »« 

JjL ys 

8.8 PE 

Extrapolated to 

antenna 

333 ym 

94 yn 

Noise 

At test setup 

31 yjB 

X ps 

Extrapolated to*** 

333 ps 

li lar 


antenna 


* The scaling was actually 10.7*1. 

** This is the total neasureiaent error allowed. In an error budget , at 

least half of this can be allocated to the sensor itself. 

***Soise measure for the active target. 


OE#»OMSTRATt<^ 

HECEIV68 - TASeET HAHQS. 4.S METERS 

MAXIMUM OEFORMATIOK MEASUREO rS.SCM 

MEASUREMEfiT SYSTEMATIC ERROR ?.S «ra i.0003 IMJ 

.iOEVIATia* FROM MNEARi 

RASiOOM ERROR imPnOXtUATtVf 2.5 a»s tOOOl IN} RMS 

ONE SEC0N3 RESecmSE TIME! 


EULi SIZE ANTENNA 
45 METERS 

♦ 2.5 CM 
75 ».<« I.0C53 INI 

25,ami.0ei IN} RMS 



FULL EXCURSION REW>ONS€ 


TARGET 

DISPtACEMENT 


Figure 14 
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OBJECTIVES 


TO ESTABLISH AND VERIFY TECHNIQUES FOR PREDICTION OF EM 
PERFORMANCE OF LARGE SPACE ANTENNAS 

TO DEVELOP STATISTICAL AND DETERMINISTIC MODaiNG TECHNIQUES- 
INCLUDING EFFECTS OF SURFACE ROUGHNESS. DISTORTION, AND 
SEGMENTATION 


DESCRIPTION OF WORK 

EXTENSION OF PRESENT TECHNIQUES OF APERTURE INTEGRATION FOR LARGE. 
SEGMENTED REFLECTORS 

♦ Planar Segmentation 

♦ Curved Segmentation 

ANALYSES OF DETERMINISTICALLY DISTORTED LARGE REaECTORS WHOSE SHAPE 
IS DETERMINED BY SAMPLED POINTS 

UNIFIED APPLICATION OF STATISTICAL CORR^ATION THEORY FOR BOTH SURFACE 
ROUGHNESS AND LARGE SCALE SURFACE DEVIATIONS 

CONSTRUCTION AND TESTING OF EXPERIMENTAL MODEL TO VERIFY THEORETICAL 


Mooa 



G£C»Llit\ OF THE REFLECTOR ANTENNA 


The geoaetry of figure 1 is used to compute the radiatioo 
patterns of reflectors. The aperture integration technique is 
employed in obtaining these patterns: First, rays are traced 

from the feed to Che reflector surface and then to an aperture 
plane located in front of the reflector. Next, using geometric 
optics for each ray, the tangential electric field is found at 
many points in Che aperture plane an<4 by numerically performing 
a double integration over the aperture plane, the secondary far- 
field radiation pattern is computed. The relatively slow lateral 
variation of the fields in Che aperture plane compared with that 
of Che surface currents on the reflector allows a more economical 
computation than does the direct integration of surface currents. 
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COMPUTED RADIATION PATTERNS FOR SEGMENTED 
REFLECTORS USING APERTURE INTEGRATION METHOD 


Shown In figure 2 are calculated H-plane radiation patterns 
for a spherical reflector which Is approximated by a number of 
planar hexagonal, triangular, and square facets placed on the 
ideal sphere sucn that the RMS surface deviation In each case is 
the same (.012m). On the average the surface deviation is more 
slowly varying over the reflector approximated by planar nexagons 
than over that approximated by planar triangles. The pattern for 
the hexagonal approximation agrees better with the pattern for 
the exact spherical reflector (not shown). The pattern for Che 
square approximation, however, has higher side lobes which are 
apparently caused by Che regular surface deviation associated 
with this shape. 



Figure 2 
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EFFECTS OF LARGE SCALE SUR'i'ACC ERRORS 
ON EM PERFORMANCE 


An exanple of large scale determlnlscic type phase error 
(quadratic) effects on the radiation patterns of an aperture 
antenna is shown in figure 3. The solid curve corresponds to 
zero error (A>0) ; i.e., the aperture distribution varies only in 
amplitude. The cases A«X/b and A«A/4 correspond to increasing 
quadratic phase error with the same amplitude distribution. In- 
crease in phase error results in an increase in power radiated 
in the side lobes. 



u(degrees) 


Figure 3 
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Envelopes of Sidelobe Peaks (dB) 


ENVELOPES OF RADIATION PATTERNS FOR 


QUASI-RANDOM PHASE ERRORS 


Figure 4 illustrates for a circular aperture antenna 
(diameter D) how the radiated power in the side lobes increases 
for a class of irregular phase errors (see inset) which may be 
characterized as quasi-random (ref. 1). The curve Tabled 0 is 
error-free and the remaining curves represent indicated amounts 
of maximum peak to peak phase errors. Aperture tolerances 
corresponding to these phase errors are shown in the parentheses. 
The general effect of such irregular , but deterministic, phase 
errors is almost always to raise the side lobe levels and hence 
to lower the antenna beam efficiency. 





Figure 4 
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RADIATION PATTERNS OF 20-SEGMENT APERTURE 
ANTENNA WITH GAUSSIAN DISTRIBUTED PHASE ERROR 


Figure 3 shows the calculated radiation patterns of 2U-segment 
aperture antennas of width 0 with assumption of uniform amplitude 
on all segments and Gaussian distributed phase error on each 
segment. The solid curve represents the radiation pattern when 
no phase error exists across the aperture. The dotted cur'^e 
r<£presents the expected (ensemble average) pattern waich is 
obtained through random process analyses. The remaining 
radiation patterns come from two members of tne ensemble of 
20-segment aperture antennas. 


Phase 
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SECONDARY PATTERN BEAM EFFICIENCY vs. RMS 
SURFACE ERROR IN WAVELENGTHS FOR DIFFERENT CORRELATION LENGTHS 


The effects of surface errors on the beam efficiency of a 
large aperture antenna can be illustrated by applying the theory 
developed by Ruze (ref. 2). In Ruze's work the phase error 
(surface error) is chosen from a Gaussian population which is 
statistically uniform over Che entire reflector surface. The auto- 
correlation function of the phase is also taken to have a 
Gaussian form with a constant variance (square of the correlation 
length). Based on his work the beam efficiency (assumed to be 
lUD percent for the unperturbed aperture) is plotted in figure 6 
as a function of rms surface error with normalized correlation 
length (C/X)as a parameter. It is seen that Che smaller C/A 
values (l.e., more rapidly varying surfaces) give rise Co more 
stringent requirements on surface rms error for high beam 
efficiency. For more slowly varying surface (large C/A) Che 
surface rms error can be relaxed and still allow relatively high 
beam efficiency. 



C/a • 200 
-150 

■100 

•50 

-10 


Figure 6 
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REAL PART OF THE AUTO-CORRELATION FUNCTION OF 
20-SEGMENT APERTURE ANTENNA WITH 
GAUSSIAN DISTRIBUTED PHASE ERROR 


Figure 7 shows the real part of the auto-correlatlon function 
of a 20-segment aperture antenna with the assumption of uniform 
amplitude and Gaussian distributed phase error on each segment. 
The solid curve is the zero error case and the dotted curve is 
Che ensemble average obtained through random process analyses. 

The two remaining curves are the real parts of the auto-correla- 
Clon functions of two members of the ensemble of 20-segment 
aperture antenna. The Fourier transforms of the total auto- 
correlation functions (given In part in figure 7) are the power 
pattern curves given in figure 3. 
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RATIOS OF STANDARD DEVIATION TO THE MEAN 
AS A FUNCTION OF AUTO-CORRELATION SEPARATION DISTANCE 


By observing figure 7, it can be seen that the auto- 
correlation functions from members of an ensemble of 20-segment 
aperture antennas can deviate from their ensemble average 
auto-correlation function (dotted curve in figart 7). The 
ratio of the tandard deviation to mean for the 20-segment 
aperture antenna as a function of auto-correlation separation 
distance is given by the circles in figure 8. By increasing 
the number of segments within each antenna, the auto-correlation 
functions of the separate antennas approach arbitrarily close to 
theensemoie average (expected) auto-correlation function pre- 
dicted by random process analyses. The increase in the number 
of segments clearly reduces the ratio of standard deviation to 
the means shown by the square and triangle symbols in figure 8. 



0 26 4d 6d 8d lOd I2d I4d I6d 

1 I I I 1 I 1 1 1_ 


0 4d 8d I2d I6d 20d 24d 28d 32d 


O OA 


O 


o a 








Symbols 


I 1 I \ L 1 


I5d 

1 

I6d 

1 

I7d 

1 

I8d 

1 

I9d 

1 

20d 

30d 

1 

32d 

1 

34d 

i _ 

36d 

1 

38d 

1 

1 

60d 

64d 

68d 

72d 

76d 

80d 


Separation Distance 


Figure 8 


182 



CONCLUDING REMARKS 


• Deterministic Analyses 

♦ assumes exact knowledge of surface 

♦ true radiation patterns 

♦ both scale distortions 

♦ a range of possible distortions can lead to wide variance about 

the designed pattern 

• Random Process Analyses 

♦ assumes statistical knowledge of surface 

♦ average radiation patterns 

♦ both scale distortions, provided correlation region is small 

compared to the aperture size 

♦ large correlation region can lead to large variance about the 

average pattern 

• General Effects of both Analyses 

♦ broaden main beam 

^ side lobe radiation increases with phase amplitude and variation 

♦ requirement of high beam efficiency in a very large antenna 

demands utmost care in EM analysis 
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PLANS FY'sO 


• EXPERIMENTALLY VERIFY SEGMENTED REFLECTOR PROGRAM 

• EXPERIMENTALLY VERIFY SAMPLED POINT PROGRAM 

• CONTINUE ANALYSES OF ANTENNAS THROUGH AUTOCORREUTION TECHNIQUES 

• CONTINUE SEGMENTED REFLECTOR ANALYSES 


PUBLICATIONS 


• "A PRELIMINARY STUDY OF A VERY LARGE SPACE RADIOMETRIC ANTENNA." 

NASA TM 80047 . JAN. 1979, P. K. AGRAWAL 

• "a METHOD FOR PATTERN CALCULATION FOR REFLECTOR ANTENNAS WHOSE 

GEOMETRY IS DESCRIBED BY A FINITE NUMBER OF DISCRETE 
SURFACE POINTS.' IEEE APS SYMPOSIUM, JUNE 1979, P. K. AGRAWAL. 
J.F. KAUFFMAN. AND W.F. CROSV7ELL 

• "preliminary DESIGN OF LARGE REFLECTORS WITH FLAT FACETs'nASA TM 

80164, P.K. AGRAWAL. M. S. ANDERSON, M.F. CARO 
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ELECTROSTATIC FORMING 


Electrostatic forming of antenna or reflector surfaces was proposed to 
Langley in 1978 by General Research Corporation (GRC) . A small 0.91-m (3-foot) 
diameter reflector was fabricated by GRC and demonstrated to various groups 
both at Langley and NASA Headquarters. 

This viewgraph demonstrates the concept and shows how the membrane deflects 
when a voltage is applied between the membrane surface and back electrodes. 


ELECTROSTATICALLY CONTROLLED MEMBRANE CONCEPT 



CONTROL 

VOLTAGES 


CONTROL 



SOURCE 
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ELECTROSTATIC FORMING 


Langley funded a study by GRC to conduct a parametric study and prelim- 
inary design of a 4-88-m (16-foot) diameter test fixture which is to be used 
to prove that the electrostatic forming technique is a viable means of form- 
ing antenna surfaces. After the study was completed in February 1979, Kentron 
was given the job of producing a working design of the test fixture. The final 
drawings were completed in September 1979. 

In connection with developing the details of the 4.88-m (16-foot) test 
fixture, Rentron fabricated a 1.83-m (6-foot) diameter preprototype test fix- 
ture which was used to try out some of the ideas which went into the design of 
the 4.88-m (l6-foot) test fixture. The 1.83-m (6-foot) fixture is set up at 
Langley along with the laser surface sensing device which Robert Spiers will 
discuss in the next paper. 
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ELECTROSTATIC FORMING 


The drawings of the 4.88-m (16-foot) diameter test fixture have been 
released to the shops and we anticipate that it will be completed in March 1980. 
Also, by that time, we hope to have a surface sensing technique clearly defined. 

This viewgraph shows how the 4.88-m (16-foot) diameter test fixture will be 
set up with the surface sensing device at the radius of curvature which will be 
at 34.2 meters (112 feet) from the surface. 
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ELECTROSTATIC FORMING 


The initial material we intend to test is 0.3 mil. Aluminized Kapton 
which will have several seams after fabrication. Later on, we want to test 
other plastic materials as well as some of the meshes that are being used for 
antennas. 

This viewgraph shows the proposed schedule for the F. Y. 1980 efforts. 


TEST EIXTVKE 
DWGS. COMPLETE 


TESr FI.Vl'l'KE 
DWGS. TO SHOP 


CHHCKOvT .AND 
VHKIFICATLON OF 
TEST 


INITI.AL TESTING 
OF 0.3 MIL. 
EAPTON M-Vr’I. 


SVSTE.'! STl'DIKS 
OF LLECTROS VAT IC 
TECHNOLOGY 
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ELECTROSTATIC FORMING 


We also intend to examine the electrostatic forming technique from a 
system technology viewpoint during F. Y. 1980 to determine some of the 
potential antenna characteristics. Also, we want to determine if space 
charging effects would create any potential problems on an electrostatically 
formed antenna. From an analytical viewpoint, we want to develop further 
understanding of the electrostatic technique and how it can be used in 
future applications. 

This viewgraph shows the areas to be investigated in system technology. 


ELECTROSTATIC SYSTEM STUDY AREAS 

o Study of LEO and GEO Environmental Effects on Electrostatically Charged Surfaces 

- Determine Floating Potential 

- O^ermine Vacuum and Plasma Effects on Electrostatically Charged Surfaces 

- Determine Stress in Insulation Due to Electrical Field 

o System Study (rf Technology Involved in Electrostatically Formed Antennas 

- Mechanical Interface Between Reflector and Supporting Structure 

- Thermal Effects on Antenna System 

- Structural Configuration 

- Deployment Concept 

- Mass of System 

- Stowed Volume 

o Analysis and Scaling of 4.88-m (16-Fo(rt) Diameter Test Data 

- Test Data Analytic Representation 

- Validation of Reflector Shape 

- First Order Scaling to Large Sizes 
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SURFACE MEASURING TECHNIQUE 


A modified Foucault or knife edge test (ref. 1) is applied to measure the 
surface contour of a large circular electrostatically formed concave reflector. 
The technique is diagramed in the figure. The aperture of a 3 milliwatt HeNe 
laser is placed at the estimated center of curvature of the reflector with its 
beam directed toward the geometric center of the reflector. A projection 
screen to receive the reflected laser beam is attached to the laser and 
remains nomnal to the emerging laser beam as the laser scans the surface of 
the reflector. If the concave surface is a true spherical surface the 
reflected beam always returns to the laser aperture in the center of the 
screen. For a nonspherical surface the reflected beam falls on the screen 
at a distance, 1 , from the laser aperture. From geometry the reflector surface 
deviations. Ad, from a truly spherical surface are related, to a good approx- 
imation, to the linear distance 1 . The reflector's contour is calculated by 
summing the incremental ad's for all incremental Ay's. An error analysis 
of the measurement technique Indicates a 50 percent error in surface deviations 
is likely. Propagation errors due to the summing operation are known to con- 
tribute strongly to the error. More exact solutions are being sought. 


REFLECTOR SURFACE MEASUREMENT TECHNIQUE 
(MODIFIED FOUCAULT OR KNIFE EDGE TEST) 









~ REFERENCE SPHERE 
ACTUAL SURFACE CONTOUR 




PROJECTION SCREEN 


\ 


ASSUMPTION: t « R 

THEN ^ (RADIANS) AND (METERS) 


APPROXIMATE SURFACE DEVIATION FROM REFERENCE SPHERE + -.-Ad^ 
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CHARACTERIZING SMALL SCALE SURFACE ROUGHNESS 


Additional characterization of surface roughness on a scale small 
compar«i to the laser spot size at the reflector can be obtained fnw the 
Inc 'eased laser spot size at the project screen. The maximum surface 
deviation, •‘max.* average surface over the spot size, d, is given 

in terms of the laser parameters, the projection ge<»etry and the Increased 
laser spot size, x. The particular energy distribution in the increased 
laser spot size on the screen indicates a particular -'haracteristic reflector 
surface roughness. Such indicators are helpful to characterize the surfaces 
of aluminized mnd>ranes applied to large space structures. 


CHARACTERIZING bmu. SCALE SURFACE ROUGHNESS 



WERE 

a = 


♦ j(a + 2*R) 
R 


(RADIANS) 
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CONCAVE REFLECTOR PARAMETERS 


The reflector was formed by loosely stretching an aluminized Kapton film 
over a plastic tube circular form. TWo electrostatic electrodes are attached 
to the back of the reflector surface, one at the center of the circular 
surface and one concentric ring electrode located bet%<een the center and the 
edge of the reflector. Opposite potential electrodes are spaced a small 
distance behind those attached to the reflector. When potentials of 
40,000 -o 50,000 volts are applied the Kapton film tensions to form a 
concave surface. The surface material retains some creases which comes 
from handling and a few wavy vnrinkles which arc caused by material fabrication 
nonuni iormi ties and assembly tensioning nonuniformities. Typical surface 
roughnesses due to creases are of the order of 0.1 ran while wrinkles are 
typically l.O rbr. 






CONCAVE REFLECTOR PARAHCTERS 
DIAMETER - 1.83 METERS (72 INCHES) 

FOCAL LENGTH - 7.32 METERS (288 INCHES) 

MATERIAL - ALUMINIZED KAPTON 

SURFACE FORMING - ELECTROSTATIC FIELD 
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MEASUREMENT RESULTS 


A smooth curve of the actual electrostatically formed reflector surface 
is compared to a curve representing a reference sphere* Measurements of 
surface slope and deviation were calculated every IS cm along the reflector's 
horizontal and vertical diameters using the modified knife edge measurement 
technique. The reference sphere and the actual surface were adjusted to 
coincide at the geometric center of the circular reflector. The maximum 
deviation from a. sphere is approximately 6 on. No effort was made to elec- 
trostatically control the figure of the surface during these measurements. 


RERECTOR SURFACE ACCURACY nEASUREHENT RESULTS 
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ANALYSIS AND DESIGN - PLAITORMS AND REELECiURS 


Ihe cost of transporting spacecraft to low earth orbit, even using Shuttle, 
is extrariely high. It is imperative that the most efficient use be made of the 
ti’aiisportation system. In order to mirdiulze tlie amo’jit of iriass which must be 
orbited, and to detemine spacecraft designs which meet the nultiplicity of 
design conditions and system constraints, it is necessary to enploy an optimi- 
sation approach. A preliminary analysis and desi^i code for sizing hexagonal 
planfonn spacecraft is cun'^ently being developed at LaEC. The minimized struc- 
tural mass/ai’ea for reflector class spacecraft of various spans (D) is shown in 
figure 1 (F-1) for several design values of platfom fundamental frequency. The 
results are for tetrahedral trass platforms with inward folding surface numbers. 
The trass depths of the results shown were constrained to l8m - the length of 
the Shuttle cargo bay. In F-2, tine sensitivity of package size dimensions for a 
30 (ln platform are illustrated as a flunction of platfdrm fundamental frequency. 
The results show that package size changes frxxn long and slim for low fi^uen- 
eies to short and fat for higher frequencies. The inpact of tinis din^nsional 
charge on transportation requirements is shown in F-3 for two different space- 
craft classes. The results show that below a critical stiffhess value (fre- 
quency) the spacecraft can be transported in a mass critical mode. Indicated 
by the horizontal lines. However, above the critical stiffhess viLue, transpor- 
tation requiranents become deninated by package geometry and increase rapidly as 
indicated by the near vertical ILnes. This, a deployable spacecraft for ai'iy 
mission would appear to have a limiting stiffhess value above which it becones 
impractical to transport, even in segnents. 

OPTIMIZATION 



» ‘ « 1 - -1 — 1 - , 

0 .2 .4 .6 .8 1.0 1.2 
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TMNSPORUTION 
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ANALYSIS AND DESIGN - PLATFORMS AND REFLECTORS 


The spacecraft sizing activity requires an analysis for each design 
requirement considered. As appropriate design requirements are identified, 
analyses are developed and included in the sizing code for simultaneous 
consideration with all constraints. Results from one sudi analytical study 
(reference 1) are shown in F-M where load concentrations resulting from 
missing members in truss plates were examined. The table shows that using a 
"classical approach" to estimate load concentration effects would result in 
concentration factors vrtiich are over a factor of 2 higher than those 
predicted by a discrete analysis. 

Results from a preliminary analysis for sizing curved reflectors 
(reference 2) are shown in F-5. This figure shows the approximate dimension 
(L) of a triangular facet arrangement \diich is used to ^proximate a curved 
reflector surface for a specified surface error (Sxtib) focal laigth (P). 
The triangular ^ices are assumed to coincide with supporting truss hard 
points (nodes). Therefore, L becomes the required strut length fan the truss 
and must be considered in the design process. 


MISSING MEMBER EFFECTS 
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FACETED ANTENNA DESIGN 



Fy 6rm« 
0 D 


P-5 
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ANALYSIS AND DESIGN - BASIC '^I.EMENTS 


A comprehensive characterization of various structural configurations 
for long columns was presented in reference 3» '^ich compared structural 
efficiencies to identify preferred minimum mass concepts. Transportability 
of the structural configurations to orbit was not examined. In reference 4, 
a derivative of the cylindrical column which can be stacked for transporting 
is identified and is illustrated in F-6. This element-denoted the nestable 
column - is being studied and developed (reference 5) as a basic building 
block applicaole to many types of built-up spacecraft structure. However, 
for extremely lightly loaded or long length applications, the solid skin 
nestable columns are minimum gage thickness constrained. Preliminary design 
calculations, based on analyses similar to reference 3» indicate that qpen 
or lattice skin configurations would offer significant mass savings as shown 
in F-6. In order to analyze and design this type of reticulated structure 
more accurately, a new buckling theory has been developed (reference 6). 

Some typical analytical results are shown in F-7 for a three longeron column 
which show that the discrete analysis predicts buckling, for sane column 
proportions, at a lower load than is predicted by conventional methods. 


BASIC ELEMENTS 
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NEW BUCKLING THEORY PREDICTS DISCRETE EFFECTS IN LAHICES 


TYPICAL CONFIGURATIONS 


BUCKLING OF THREE ELEMENT BOOM 


REPEATING GRID COLUMN 



THREE ELEMENT BOOM 




FEATURES OF THEORY 

0 CONFIGURATIONS WITH EACH NODE HAVING SIMILAR GEOMETRY 
0 FINITE ELEMENT BASED ON BEAM-COLUMN THEORY 
0 PERIODIC MODE SHAPE 

0 6x6 DETERMINANT FOR BUCKLING OR VIBRATION 


F-7 
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CONCEPT mvaOPMENT 

Pretensioned Cuiuoin 

One _ otential way in which the mass and volume of a compression strut 

lu 










CONCEPT reVSLOPMENT 


Deployable ftodule 


A modular concept for constructing reflectors is shown in F-10 and 
F-11. fflodules are connected together at thr€« points in eadi surface. 
When assea^led, the hexagonal planform of one side forms the closed reflector 
surface as shown in F-10. This concept incorporates a flat triar^lar facet 
approximation to a ctoubly curved reflector surface. Each roxlule, shown in 
F-il, can be folded with all members stesrfed parallel for transport to orbit 
where it would be <teployea and assembled. Currently, the necessary Joint 
hardware is teirjg developed aM a deployssent mettod for each module as being 
investigated. Mesh attachment methods are being examined and an engineering 
model will be fabricated. Packaging techniques for the folded modules are 
being investi^ted along with on-orbit assembly scenarios which are oexspati- 
ble with use of the Shuttle. 


DEPLOYABLE MODULE CONCEPT 




cx^CEPT mvELommi 

Deployable Truss Test 


Deployable _ trusses are an iarportant class of spacecraft structure. The 
ability to^ fabricate and package an entire spacecraft m earth for transfer 
^ cteployed into a functional status is a dcsii’able goal. 
Folaaoie trusses, however, exhibit several features whidi caa limit their 
utility unless overcoae. Deployment kinematics of >iany folding truss m^bers 
..■ose a v;i3j.l6i%e vO •lesliciers to ellnaiiate potential n'sclanical ancnalies. 

To invest i^te this teature, and to determir^ ^^aember loads during ai unre- 
strained deployrnent, the tetrahedral truss model shown in F-12 was fabricated 
and successfully deployed in zero-g. Tlie truss was iteployed using springs at 
the joints to provicfe^ deployment energy during the freefail experiment. 
Strains recorded during manber locfeip cx>mpared favorably with pretest analy- 
tical predictions. 


DYNAMIC QUAUFICATION MODEL 








ASTRONAUT ASSEMBLY • N6F SIMUUTION 



ESTIMATED CONSTRUCTION TIME 
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AtITOHATSD ASSEffiLY STUDIES 


Scxae proposed missions require structures sufficiently large that they 
are iapractical to deploy or asseohle by Astronauts. For such structures. It 





NODE iOlNT CAWSTEKS 


i COLUMN CXTA\CTED 
FAOM CANiSriR 



COLUMN OlSTRIBurOK 
TRACK MECHANISM 


SECOND HALF COLUMN 
EXTRACTED FROM CANISTER 
AFTER CONNECTION 


COLUMN INSERTION UECHANIShtS 
TRANSPORTING ONE COLUMN TO 
NODE JOINT SOCKETS 


CIMBAL ACTUATORS (•) 
:«M8AL JOINTS ( ;) {40® ROTATIONS n 
ASTI-ROTATION SCISSORS 


P-17 
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OUTLIMB 


This presentation reports the progress and status that the Vought Corpo- 
ration has made on the Erectable/Deployable Concepts Contract for the Marshall 
Space Flight Goiter. Mr. Erich Engler is the Contract Monitor. The order of 
presentation starts with a statement of the objective and scope vhlch sets the 
stage for the work that has been co^ileted. A brief schedule and the six indi- 
vidual tasks are Idoitifled along with idiat has been accomplished In each of 
those areas. A short, 16 mm, film of the deployment of a structural module 
d^onstrates the applicability of this effort toward near term missions. 


Outline 


• Objective and scope 

• Schedule 

• Development of new erectable space structure concepts 

• Preliminary design of selected systems 

• Preliminary development of assembly techniques and aids 

• Component fabrication and test 

• Tolerance and utility analysis 

• Payload/experiment carrier design study 

• Module deployment film 

• Summary 
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OBJECTIVE 


The objective of this program is to develop new Joints and/or elements to 
build a technical data base for near term space platform missions* This objec- 
tive is fulfilled by idcmtifying new structural members and attachments. 


Objective 


Contribute to the overall data base for various proposed 
missions/projects using erectable/deployable structures 
through the identification and analysis of new structural 
elements approaches and end attachments. 
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SCOPE 


The contract Is basically comprised oi six tasks. The first task is a 
review of what work had been done in the past. From that data base, new de- 
signs are developed and compared to each other and existing designs. The most 
promising concepts are selected for preliminary design. Next is the development 
of preliminary assembly techniques and aids followed by a component fabrication 
and proof of concept test. Two additional tasks were added to the contract to 
emphasize utility Incorporation and tolerance analyses into the overall design 
of the joints and members. Hie sixth task was a payload experiment design 
study . 


Scope 

Task 1: Development of new erectabie space structure concepts 

• Review all LSS missions to date 

• Review all LSS structural concepts proposed to date 

• Generate new concepts 

Task 2: Preliminary design of selected systems 

• Evaluation and selection criteria 

• Investigate existing concepts 

• Establish new concepts 

• Evaluate all concepts 

• Preliminary design 

Task 3: Preliminary development of assembly techniques and aids 

• Requirements 

• Definition and evaluation 

• EVA/manned assembly demonstration and simulation program 
Task 4; Component fabrication and test 

Task 5: Tolerance and utility analysis 

• Tolerance study 

• Incorporation of utility provisions 

Task 6: Payload/experiment carrier design s*udy 
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ERECTABLE CONCEPTS FOR LARGE SPACE SYSTEM TECH 


The contract go ahead was in April and completion will be in December. 

There are three tasks yet to complete: Task 4, the component fab and test which 
is now underway; the utility and tolerance analysis; and payload exoeriment car- 
rier study, which will also be concluded in December. The final report will be 
issued in February. 


Erectable Concepts for Large 
Space System Tech 
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DEVELOPMENT OF NEU ERECTABLE 
SPACE STRUCTURE CONCEPTS 

The first task was to review the missions expected in the next five to 
fifteen years. As previously stated, the obJcKxtive of the contract was to 
make our work applicable to the near term missions. Guidelines for the study 
included a 1985 to 1990 low earth orbit platform as a primary consideration, 
and geostationary stru._£ure as a secondary consideration. The resulting 
structure would have to function with or without Spacelab pallets and it 
would be assembled by man with machine assistance. That particular philosophy 
may be changing in the future for man to be an observer only. At least two 
RMS's would be available for deployment and assembly. The task was to develop 
either members or modules such that platforms or other applications could be built 
in a building block fashion. In this way the sequential assembly of the modules 
will permit constructing a variety of platfcrr. configurations. Attention was 
also to be given how to incorporate utilities, either electrical or fluid, into 
the members cr into the jo^nrs or across the Joints. Utilities provisions may 
very well influence the configuration or assotbly procedure/equipment and must 
be considered upfront. Eleven (II) missions were considered applicable. Some 
examples reviewed are. Electronic Mail, Pin hole Satellite, deployable antennas 
and Science and ^plications Space Platform that was studied toward the end of 
1978. The Science and Applications Space Platform was believed the most appli- 
cable; therefore, our work has been directed at joints and/or members that would 
be useful in that endeavor. 


Development of New Erectable 
Space Structure Concepts 

Review of LSS Missions to Date 


Objective: identify noi^Merm missions that would use erectable/ 

deployable 'tructures to provide applicability to 
concept evaluation and selection 

Guidelines: • i98s-i99o leo platform 

• GEO requirements on secondary basis 

• Function with or without spacelab pallets 

• Assemble by man with machine assistance 

• Two RMSs available for deployment and assembly 

• Utility provisions 

Results: Eleven (11) LSS missions are applicable 

Science and application space platform most applicable 
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DEVELOPMENT OF NEW ERECTABLE 
SPACE STRUCTURE CONCEPTS 

Out next task was to look at what industry had done in the past. The 
reasons for that approach were to establish a point of departure, to avoid dupli- 
cation and also to stimulate thought process for generating new ideas. At a 
minimum, 43 existing Joint ideas that had a practical merit were identified. 

A patent search, going back to the 1890' s, revealed 73 different Insertion type 
joints that could possibly work. Approximately 45 structural elemencs were 
identified. 


Development of New Erectable 
Space Structure Concepts 

Review of LSS Structural Concepts Proposed to Date 


Objective: To collect previously proposed structural joints and 
elements to 

• Establish point of departure for new ideas 

• Avoid duplication 

• Stimulate idea spinoff 

Results: ~ Forty-three (43) joining methods were identified 

— Seventy-three (73) patented joining methods were reviewed 
— Forty-five (45) structural elements or methods were identified 
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DEVELOPMENT OF NEW ERECTABI.E 
SPACE STRUCTURE CONCEPTS 


Prior to the generation of new ideas through brainstorming, the types of 
joints that would actually be required were identified. Single member strut 
or unions basically require either a side latching type of joint or insertion 
type of joint, or possibly a hybrid of the two. Deployable modules, which are 
comprised of several members and go through kinematic motion to a final con- 
figuration, require approximately nine (9) different types of joints or nodes. 
Examples are single pivot or double pivot, telescoping raenbers, etc. From the 
background of previous ideas and the above requirements 72 different types of 
joints were generated. Very simple to very complex ideas were considered. The 
72 ideas did not necessarily have practicality; they were just ideas. Simi- 
larly, 38 different structural members were generated. Again, they ranged all 
the way from the very simple linear moabers to a multi-member deployable nodule. 
This wide range of concepts was considered to be a structural member. 


Development of New Erectable 
Space Structure Concepts 

Generate New Concepts 

Objective! Develop new structural joints and elements 
Required joint types: 

Deployable Modules: Strut/union erectables: 

1. Single pivot node 1. Side latching joints 

2. Double pivot node 2. insert joint 

3. Rotating intermediate pivot fitting 3. Hybrids 

4. Stretch members (telescope) 

5. Shrink members (telescope or knee joint) 

6. Removable members 

7. Module-to-moduie attachment 

8. Nodal knee joint 

9. Mission equipment attach 

Results: — Seventy-two (72) new joining ideas were generated 

— Thirty-eighl (38) new structural member ideas were conceivec 
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PRELDflNAR? DESIGN OF SELECTED SYSTEMS 


Having the miltitude of ideas, a screening process was used to eliminate 
the impractical ones. This was done on an engineering qualitative basis. The 
72 joints and 38 members were screened to 14 joining devices and 8 members, in- 
cluding the joints and meidbers that had been previously proposed. Those re- 
sults were thm subjected to a more detailed figure of Mrit type of evalurtion. 
Examples of evaluation paras«ters are ease of capture, ease of locking, align- 
ment, adjustment, durability, thermal distortion, etc. From that paired com- 
parison evaluation, 7 joints and members were selected for further development 
in preliminary design. Those seven (7) concepts will be discussed. 


Preliminary Design of 
Selected Systems 

ObjGCtiVG: Evaluate and select most promising structural concepts 

and develop through preliminary design 


PrOCGdurG: T 2 joining 

38 members 
New Feasible Ideas 



Develop Preliminary Designs 
of Structural Joinll Element Concepts 
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PRELIMINARY DESIGN OF SELECTED SYSTEMS 


The first joint is an automatic coupler. Its characteristics are that 
it can be inserted either in the axial direction or from the side. It is a 
hybrid; it can be inserted in either direction. It has + 12.5 imn gathering 
range snd a soft capture misaiigimcnt of + 5 . Another feature of this 
particular joiut is that the release mechanism^ although not finely perfected 
here, is on the member end as opposed to the union end. In this case the 
release mechanism can be operated by a person using one arm or one RMS such 
that remo.'al after release can be in one motion. This is as opposed to re- 
leasing from the union end and pulling the member away, which would require 
two (2) appendages. 


Preliminary Design of 
Seiected Systems 

Automatic Coupler Clevis Joint 

Design 36 
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Characteristics: 

1. Insert either side or end 

2. ± 12.5 mm gathering range 

3. Soft capture misalignment: 

± 5** out of plane or ± 1 mm axial 
A. Hard locks automatically as 
misalignment is removed 

5. ± 90** pivot as a clevis 

6. Can be released 
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PRELIMINARY DESIGN OF SELECTED SYSTQtS 


The second concept is a side latching detoit joint. It has the same 
characteristics as the automatic coupler in that it has a wide angle of in- 
sertion. It can be inserted in the 0° or 90° direction. Both of these parts 
have been fabricated and have gone through proof of concept testing. 


Preliminary Design of 
Selected Systems 

Side Latching Detent Joint 



Design 27 


Characteristics: 

1. insert one side 

2. ±12.5 mm gathering range 

3. Hard locks when fully 
inserted as misalignment 
is removed 

4. +90** pivot as a clevis 
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Photograph of the automatic coupler and side latching detent joints 

disasswhled* 

The hlack scale is 15 cm long. 
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PRELIMINARY DESIGN OF SELECTED SYSTEMS 


The third joint concept is called a module-to-module coupler. Because the 
other four selected elements were modules, a method of connecting two modules 
together was required. Most likely the two modules will never be perfectly 
aligned. Therefore criteria were established so that one of the four joints 
would connect or soft capture when there is a 10° misalignment between modules. 
Once the modules are aligned, possible joint mismatch due to tolerances may 
exist in the mating plane (radial) and perpendicular to the mating plane. Soft 
capture in the plane is + 12.5 mm radial and 1 mm radial for hard capture. 
Capture perpendicular to the mating plane will occur if all four joints are 
within 2.5 mm. 


Preliminary Design of 
Selected Systems 


Module-To-Module Auto Lock Coupler 

Concept 22A and 22B 


Operating Criteria: 

1. Couple 3 or 4 points in a plane 

2. Soft capture misalignment: 

A. 10° angular 

B. 12.5 mm R 

2.5 mm out of plane 

3. Hard capture misalignment: 

A. 1 mm R 

B. 2.5 mm out of plane 

4. Hard locks upon insertion with no 
additional operations 

5. Can be released 


3 m 
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PRELIMINARY DESIGN OF SELECTED SYSTEMS 


The module- to-fflodule concept is a typical probe drogue type of joint, a 
conical surface on the front and spherical surface on the back. The probe 
part is the less expensive; it is mounted to the comer of the modules. There 
are three fingers around the circumference of the drogue part. As the probe 
enters the drogue, the fingers are pushed back out of the way and after passing 
over center, the fingers - which are spring loaded - return to capture the probe. 
There is 2.5 mm of forward motion permissible at that position. This allows 
the four joints to be engaged and locked and able to carry loads while mis- 
aligned by 2.5 mm perpendicular to the mating plane. As the probe proceeds 
into the drogue the fingers continue to capture the element thus preventing 
reverse motion. 


Preliminary Design of 
Selected Systems 

Module-To-Module Auto Lock Coupler 
Design 22B 
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The fourth element is a deployable module. The 1/10 scale model shown 
below is a double cell double fold configuration. Each cell is a 3 m cube. A 
variety of joints and members exist in this structure. There are telescoping 
diagonals, single clevis joints, and double swivel clevis joints. The maximum 
number of members at a node is nine (9). The probe part of the module-to- 
module coupler shown previously will be located externally at each node to 
provide attachment of another module or experiment pallets. 
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PRELIMINARY DESIGN OF SELECTED SYSTEMS 

Packaging is an important aspect in the transportation of space struc- 
tures. The remaining three (3) concepts studied are different packaging 
arrangements for the 3m cubic cell. The total packaging volume required 
to assemble a nominal structure am, 3m x 3m x I8m, of the Science and Applica- 
tion Space Platfora is shown. Concept 35 has a large cross section but is 
very thin. The longitudinal members are loose and will require additional 
orbital assembly time. Concept 38 is a single fold configuration and requires 
the largest volume. Concept 39 stows in a long narrow space. The hybrid 
configuration is similar to Concept 35 except that it does not have any loose 
members. Therefore, assembly time is reduced at the expense of cargo volume. 
These four packaging configurations offer different form factors which may be 
coordinated with Orbiter cargo manifests. 


Preliminary Design of 
Selected Systems 


Total Stowage of Minimum Stnicture 
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PRELIMINARY DESIGN OF SELECTED SYSTEMS 


The results of those four packaging schemes ,{fre presented on a com- 
parative basis. The lengths or areas of various types of structures that 
could be developed with the four configurations are shown. For example, the 
double fold concept will provide a 3 meter by 3 meter linear type platform 
984 meters long if a full cargo bay was available. If the EVA and OMS kits 
are In the Orblter then 492 meters of linear platform can be transported. 
Similar data are shown for a freune, cube, and wide area platform. The double 
fold element can be configured with 6m elements and still fit within the 
cargo bay and provide a linear platform 6m x 6m x §84m. 


Preliminary Design of 
Selected Systems 


Platform Configuration Options and Size Comparisons 

1.5 and 3m Struts 
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PRELIMINARY DEVELOPMENT OF 
ASSEMBLY TECHNIQUES AND AIDS 

Prelifflinary development of assembly techniques and aids task was required 
to develop timelines and identify the construction aids and transportation re- 
quirements that would be necessary to fulfill the near term applications for 
the joints and members developed. 


Preliminary Development of 
Assembly Techniques and Aids 


Objective: identify and define steps, procedures, equipment, 
compiexity/timeiine estimates for transportation 
and construction of reference platform using selected 
design concepts. 
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PRELIMINARY DEVELOPMENT OF 
ASSEMBLY TECHNIQUES AND AIDS 

An example of the double fold double cell nodule packaging arrangement 
with the 25 kW Power System is shown below. Other arrangements may also 
be ';s..'d. 


Preliminary Deveiopment of 
Assembiy Techniques And Aids 

Typical Orbiter Installation 




Berthing Platform (Experiments) (Reboost module Power System 

and tSm strongback) 
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PRELIMINARY DEVELOPMENT OF 
ASSEMBLY TECHNIQUES AND AIDS 

One (1) 3m X 3m x 18m platform arm is shown being deployed by the RMS 
from its stowed (collapsed} position. A 16saa movie has been taken of this 
operation. Deployment feasibility has been verified. 


Preliminary Development of 
Assembly Techniques And Aids 

Kinematics of Deployment for 
an 18m Strongback from Orbiter Cargo Bay 
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a»JPONEllT FABRICATION AND TEST 


The fourth task was component test and fabrication with the objective 
being to provide proof of concept. The three joints built will go through 
an assembly, static, dynamic, and thermal test. Two of the joints have been 
fabricated; the third is now in fabrication. A is size length double cell 
module with full size joints is being fabricated and will undergo assembly 
testing. 


Component Fabrication And Test 

Test Matrix Overview 


r 


General Information 


Test 


Setup 


Assembly 


Sialic 




^ 
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*^c\)mpress«on | 
Shear Moment • 
Torsion i 


Purpose 
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Test Specimens 
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TOLERANCE AND UTILITY ANALYSIS 

The purpose of this task is to investigate, ija greater detail, the effect 
of tolerances within a joint relative to an assaably. Considering a long 
linear platform, what types of limits should be put on joints such that the 
tolerances would not accusmlate to provide an excessively loose fitting or non 
linear structure? The utility incorporation is not to develop new connectors 
but merely to incorporate existing connectors into the structural arrangement 
in some fashion such that their incorporation enhances the assembly and con- 
struction and does not become a burdensome item. 


Tolerance and Utility Analysis 


Objective: To concentrate on the effect of tolerances for systems using 
selected concepts. To provide means of incorporating state- 
of-the-art eiectrical and fluids connectors into candidate 
loints concepts and wires/iines into members 

Results: Effort Just begun — completion expected December 1979 
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PAYLOAD/ EXPERLHENT CARRIER 
DESIGN STU5JY 

The payioad/experifflent carrier design study was priaarily intended to 
develop a carrier to transport the elements or modules developed; but it also 
needed to be sensitive to other space experiments and to be responsive to the 
requirements of the Shuttle and the reference Science and Application Space 
Platform. A modular approach has been developed which emphasizes versatility, 
light weight, and cost effectiveness plus being accommodative to the interfaces 
that will be present. 


Payload /Experiment Carrier 
Design Study 

Objective: Accoinplish conceptual design of carrier structure lor elements.* 
modules and space experiments responsire to requirements of 
shuttle and reference platform. 

Apprcach: Modular design that is 

• Versatile 

• lightweight 

• Cost effective 

• Easy attachment to primary structure 

• Clean packaging scheme 

• Convenient transportation and handling characteristics 
And will accomm : date 

• Interfaces and integration — thermal, power, data 

• Experiment requirements ~ mounting, viewing 
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PAYLOAD CARRIER SYSTEM 


The modular system ic basically a thin wafer type of base/plat form tliat 
fits into the Orbiter in vertical fashion. It has the side and keel segments 
of variable lengths. Cradle halves or a "y” load truss can be used if neces- 
sary or for the larger experiments. From these basic components a variety of 
carrier configurations can be constructed to meet the structural and exper- 
iment requirements. ^ 


Payload Carrier System 



1. Base common »o a I! platform 
mounted carriers 



2. Siae and keel segments — length 
depends on payload requirements 


\J 

3. Cradle halves 

4. Optional ”Y ” load truss 

Components 

1. Base: Forward surface — orthogrid 

Aft surface attaches to 
probes on platform structure. 

2. Side and keel segments: Contain 

sill and keel trunnions 

3. Cradle halves 

4. Options: A. Shelves 

B. Support struts with 
remote operated latches 

C. Radiators — 2.8m» Radiator 

D. Share-a-carrier pallet 
e. Pivot table for IPS 
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STRONGBACK/CARRIER COMBINATION 


An 18 meter platform arm Is shown supporting a family of experiments. The 
smaller experiments are on the thin wafer sections. VJith the optional keels, 
sides and cradles, larger payloads can be supported. The module to module 
coupler is shown connecting the experiment carrier to the platform. Each car- 
rier has an RMS pickup attachment for handling purposes. 


Strongback /Carrier Combination 
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TYPICAL ORBITER INSTALLATION 


Three double cell double fold modules are connected to provide 18 m total 
length and installed in the Orbiter bay with three other experiments. Deploy- 
ment of this 1/10 scale platform arm was shown in 16 mm film strip. 


Typical Orbiter Installation 

18 m Strongback with Three 1984 Payload Concepts 






Section A-A 

Stowage space 
available for 
strongback to PS 
mounting adapters(s) 
and other accessories 


245 



KEY SIFHIIARY ITEMS 


Previous work has been reviewed and the effort has been directed pri;aarily 
toward near term applications, such as the smaller linear or strongback type 
of platforms. Seventy-two Joint and member ideas liave been evaluated with the 
most promising concepts being selected by a figure of merit evaluation. Two 
of the joints have been fabricated and the other one is in fabrication. Four 
structural modules are being developed. The double cell double fold configura- 
tion will be fabricated in a h length size full joint module. The double fold 
module is a promising concept from a packaging point of view because it will 
DK>re than adequately supply the length of the platform arm that is needed for 
the near term. 


Key Summary Items 

• All previous work reviewed 

• Application of joints and elements directed toward 

1985-1990 LEO platforms 

• Seventy-two (72) joining ideas and thirty-eight (38) member 

Ideas were generated 

• Most promising concepts selected on FOM evaluation 

• Two (2) promising strut joints designed and fabricated 

• One (1) module-to-moduie coupler joint designed and in 

fabrication 

• Multicell deployable module designed with Vi length 

struts and full size joints — in fabrication 

• Double-fold module is promising, considering packaging/ 

assembly requirements 
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LSST SPACE FABRICATION 


Although funding limitations have precluded extensive support, LSST has 
provided some resources for beam builder subsystem technology studies. The 
contract with General Dynamic s-Convair is for nine months beginning September 25 . 


LSST SPACE FABRICATION 


• SPACE FABRICATION OF STRUCTURE BY A BEAM BUILDER IS NOT A 
MAJOR LSST ACTIVITY 


• FORMING AND WELDING OF COMPOSITES HAS BEEN SUPPORTED WITH 
tl25.000 


• GENERAL DYNAMICS-CONVAIR IS UNDER CONTRACT TO DO FORMIN AN 
WELDING WITH EXISTING BENCH TEST EQUIPMENT AND TO BUILD h 
PROTOTYPE TRUSS 

Figure 1 
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PROC.RAM OESCIUPTIOK 


The Grj»phite Composite Truss Welding and Cap Forndng Subsystems contract 
was ' ,an in late September 1979. This program description provides basi* con- 
traetual data, identifies all milesf, 'nes and shows the time spans planned for 
accomplishing each subtask within the three major task groups. The prograis is 
being conducted in accordance with the fallowing groundrules; 

Cap forming 

• On existing bench modei machine 
Welding 

• On existing commercial welder 

• General Dynamics Convair-develooed horn tips schedules 
Truss 

• Geometry, etementioim details, material per SCAFEDS. Part III 
(NAS9-15310) 

• Length, 4.90m {3 bays + std end cutoff) 

• Oie-foimed cross- members 

• instrumentation & load intro fittings provided 

• Tests conducted at JSC 

Material 

• Corisdlidated strip tor testing at LaRC; woven single-ply 
graphite glass: pofysulfone resin 


• Contract data 

— MAS 9-15973 — Value $120,102 

— Agency, NASA JSC — Cc ~act<x; Gwera! OynarrHcs Convar Oivta^xi 



cegenU a = Truss Assemoly F = F uture fat> ass^nibiy H = Report ▼ = Deliver to NASA 


C • Cap lorrr^'ng M = Matenal preparation T a. Test 

Figure 2 
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MJTOHAlll) BEAM BUILDER COKCERT 


The hernu builder concept developed during the SCAFEDS forais a triangular 

trws 1.3 Be ter a on a aide, flat strips of preconsolidated graphite fiber 
fabric in a poljrsulfone ©atria are coiled in a storage canister. Heaters raise 
We ©aterial to foming temperature then the structural cap section is foraed 
hy a series of rollers . After cooling cross wHcbers and diagonal tension cords 
are ultrasonically welded in place to conplete the truss. 



Figure 3 


oRiGMM. wai b 
Of POOR quMJff 
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PHOTOTYPE CC^POSITE TlltSS TEST 

Bj-'caiise no perforiMnco data existed on tte lightweight graphite coaposite 
tr"«iai configuration planned for automated space fabrication, a test was performed 
using a display article fabricated under the Space Construction Automated Fabri- 
cation Experlaent Pefinltion Study (SCAFEOS). Although the graphite fiber and 
p».»tysul£one matrix were representative, the cap forming technique was not. 
Schedule incoispatihility dictated hand lay up/vacuuia cure on alualnua tooling 
in lieu of continuous roll -forming as originally planned. This resulted in 
undetected cracks on the free edges which in turn led to premature failure 
during compressive tests. A repeat test is planned with the truss built under 
this contract. 


PROTOTYPE COHPOSfTE TRUSS TEST 


TEST OBJECTIVE; TO OBTAIN EARLY DATA ON TORSIONAL STIFFNESS, DAMPING 
AND SHORT COLUMN STRENGTH. 

TEST ARTICLE: SCAFEDS DISPLAY, 3 BAY, 1.3 M X 4.9 H, 6.4 KG, 

GRAPHITE FIBER-POLYSULFOIC COMPOSITE 

TEST RESULTS: CRACKS IN EDGE OF OPEN CAPS AT 500 KG (1216 LB) LOAD, 

TEST STOPPED SHORT Of 1230 KG PREDICTED 

TEST AI^YSIS; 

• PREMATURE COMPRESSF/E FAILURE DUE TO UNDETECTED 

FIBER DAMAGE DURING FABRICATION LAYUP 

• TORSIONAL STIFFNESS LOICR THAN PREDICTe 

• DAMPING IN 22 RANGE 

CONCLUSIONS* 

• HIGH RISK IN TESTING ARTICLE NOT BUILT FOR THAT PURPOSE 

• REPEAT TEST WITH NEW TRUSS 

Figure 4 
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The white SCAFEDS truss test article is shown against the structural test 
"backstop" at JSC. Compressive load is applied to end loading fixtures by a 
hydraulic cylinder from the Apol lo-Soyuz docking test rig. Bending and torsion- 
al loads were applied to the upper fixture. 


1# 



B' 


CM. * ^ 












PROTOTYPE TROSS CAP FtK'-E CRACR 


This Is 3 photograph of one of twenty edge cracks observed during tlie coisi- 
pressioa test. The cracks were less than one centimeter long and occurred In 
ail three caps. They were randomly spaced, but none closer than 20 cm to each 
other. Some cracks had been detected and patched during fabrication while oth- 
ers went undetected until exposure under test loads. Hon-linear analyses as 
well as the results of several tests show that the edge tracking failure »de 
does not reflect the behavior of representative specimens. 



Figure 6 
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CAP STABILITY .^VALYSIS 


The Cijrapres^ive stability ef open triangular caps was assessed for both 

round- and shat p-cornored sections of enual nortJts'ter usinc the •tTAng c coTOmiter 
code ftef IK Linear bifurcation analyses showed that local buckling of the 
side Hats occurred first in both sections ami the dashed lines show a load- 
carrying advantage of about 7.6 times for the round-cornered section. 

A non-linear collapse tcrippliug> analysis was also conducted to determine 
the ultirmite .'-trcninh of the round -cornered section. The solid curve shows 
load vs. deflection »or this aualysis. which was continued to a load of 65838 
without indication of failure. Flexural (Euier) and torsional buckling allow- 
ables were also predicted by linear analyses, with torsional failure occurring 
first at a load of 13646S. Thus, the correct compression allowable lies between 
the crippling cutoff and torsional instability loads, resulting in a very large 
margin over the anticipated maximus SCAFE cap load of 316N. 


• LOCAiSUCKUMG 



• COtUMNn’ORSIOMAL SUOCUNG 


•CUHREMT ANALYSIS 

• BIFIWCATION f»ILV 

. ARTIHCAUY SyPWffSS 
LOCAL BUCitl 

•RimiCE AXI«. SWFNiSS BY i0% 

TO REFLECT ^ 2/?^ 

O 


MO»E 

PCR. N 

TORSION 

13.646 

COLUMN 

21 230 


O 

6.583 V PpAIUWE < 13.6*6 


•FUTURt EFFORT 

• CONTINUE NONLINEAR ANALYSIS 

• TEST FULL SPAN CAP 
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C\? SECTION- TESTS 


Cap strength and failure niode characteristics have been deteripined through 
several tests employing a setup similar to the one shown here. Low slenderness 
ratios are chosen to assure crippling failure, and strain gages are used during 
setup to assure uniformity of load introduction to the cross-section. Both the 
original laminated and later single ply materials have been tested. Results of 
laminated specimen tests and their close correlation with bifurcation analyses 
are given in ref. 1. Results for roll-formed single-ply specimens are shown 
and appear to indicate substantial benefit in initial buckling load due to the 
woven fiber construction. 


• Test set-up 



• Test resutts 

• RolMormed specimens 

• t - 0.032 in. 
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Figure 8 








CAP SECTlObJ CRIPPLING FAILURE MODE 


The cap failure mode seen in all tests to date is shown in the photo, 
with the direction of view as indicated. Typically, cracks initiate at the 
edges of a buckled side flat , and propagate into the adjacent corners as 
the load Is increased to ultimate. At failure the free edges remain 
unc acked. 



Failure detail 


Orientation 



Failure characteristics 

• Crack starts in side fiat 

• Propagates into adjacent corners 

• Free edge uncracked at pCC 


Figure 9 


SIMGLE-PLY STRIP MATERIAL 


During initial SCARED study effort a material design evolved which cosibined 
the benefits of two fibers (glass and graphite), thermoplastic resin, and a white 
pigmented coating into a strip material suitable for the SCAFE fabrication process 
and service environment . Properties of this "sandwlehed-graphite" multi-ply 
laminate, using then-available materials, were first predicted using conventional 
analytical techniques, and later verified by coupon tests. At the start of 
laminate evolution, however , the processing and forming benefits to be achieved 
by combining the desirable features of the constituent materials into a single- 
ply woven strip were already recognized. As weavable high-modulus graphite yarn 
became available, private development of single ply scrips began, adopting the 
SCAFE cap laminate as a baseline for fiber percent/orientation and thickness . 

How€»ver, a further valuable asset of single-ply material is the flexibility 
in gage selection since the ply thickness and stacking symmetry constraints of 
the laminate approach are eliminated. Consequently a new material , designed for 
increased stiffness plus Improvement in various ’’second-order" characteristics 
is now in development. Comparison with the original laminate shows a 201 gage 
reduction, significant weight decrease, a small but acceptable reduction of beam 
fundamental frequency and essentially unchanged local stability of the rap side 
flats. As an added benefit, it also permits cap/crossmember material cotaaon- 
ality. 


• MULTWPLY UMIN*T1 


• SIWaUEPLY • CHARACTOMSTICS 







§ PIGMENTED COATING 

GLASS FABRIC 

.0 GRAPHITE/QLASS FABRICS 
(X) PLY QUANTITY 


Composite vs. metallics 

• Improved properties 

• Low density 

• High strength 
» High stiffness 

• Superior thermal stmA-.u- 

• High huckling toad 

• Except Low fadmg strain 

• Less energy to produce 

• Expensive, feecommg cheaper 

Single ply vs, multi-ply 

• improved raw mstenal processing 

• Simoitcity cost 

• Umformity 

• Key properties rtUamed 

• High E 

• Low CTE 

• io,v transverse k 
» Improved forming 

• Less energy 

• No deiaminatioft 

• No thickness constraint 


Figure 10 
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CAP FORMING 


The beam builder system is comprised of eight subsystems, each of which 
consists of one or more subsystem modules. This concept permits each subsystem 
module to be developed separately before integrating the complete subsystem into 
the beam builder. 

The cap forming subsystem, for example, consi.Jts of three cap forming 
machines. General Dynamics Convair Division has built and demonstrated the pro- 
totype cap forming machine shown. It is being used to develop the materials, 
processes and techniques to be incorporated in tht flight beam builder cap 
forming machines. It will also be used to meet the objectives of this program 
by producing cap members for the test truss and cap test specimens for deter- 
mining local effects of column loaded cap members. Cap forming technology will 
be further advanced by the improvements to be made in forming roller and heater 
geometry, and through an evaluation of drive rate effects. 


• Flight beam builder concept • Prototype cap forming machine 



Figure 11 
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mo PROCESS DEVELOPMENT AND APPLICATION 


Early development of ultrasonic welding technology for joining 
polysuHone composites started with the evaluation of weld tips and welding 
schedules using small samples of both bare and coated material. This led to a 
joint design for the triangular truss beam, which not only connects the beam 

caps and crossmembers together but captures the diagonal cord within the welded 
zone as well. 


r. design was demonstrated with the fabrication and assembly of the 

If ft demonstration article produced during the initial phase 

of the SCAFEDS program. Improvements in this Joint design have occurred through 
subsequent development activity and will be employed in the truss test article 
to be produced under this contract. 


• Tip&'schedytes 





•Truss assembly 


WELDING IN PARTIAL VACUUM 


The existing data base for the ultrasonic welding of graphite/polysulfone 
composite material includes the performance of welds in partial vacuum using a 
vacuum chamber which encloses only the weld horn and weld specimen as shown. 
Results indicate no reduction of weld strength down to the vacuum levels achiev- 
ed with this approach. 

By placing the entire welder inside a vacuum chamber, the overall effects 
of in-vacuum welding on both the weld specimens and machine performance will be 
more thoroughly assessed, at vacuum levels approaching those to be experienced 
by the flight beam builder. 



5mm Hg 
Single-ply, 
Tj02-coated 
specimens 


chamber 


Figure 13 
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FART A 


mTHVlFV 


Mi* wish to share with 
large structures asserohlv. 
study plan fer l^rge Spice 
Cerperatien) will report tn 
of structural ass«nl>ly defi 


you oi»r thoughts, accompl isteents, a'od plans In 
I will present an overview ot our three-vear 
Structures Technology (USST). Ed Pruett (Essex 
the work Essex is per forcing tills year in support 
:-l*ioij and evaluation. 


The role of rr«!n and nachine in assv‘mbly operations has been given a 
great deal of consideration and debate over the last ii*w yei *"s. iSajpliiisis 
on one or the other as an assoiRbiy code fluctuates each year. 

Me beiiev*e that, depending upon the packaging and orbital cliaraeter is~ 
tics of ii structure, as well as its ccsaplexity and mission requiraaents, 
there Is .a role In ass^Rmbly for both man and tiiachine. Figure 1 indicates a 
speetri® for mixing mixx and machine for any typical structure assmhiy. 
lotally mamwil operation appears at one end of the assimbly spectruus, %»hile 
tottilly autossated operation appears at the other. Such operating factors as 
economics, nature of assembly tasks, and availability of technology, skills, 
etc. should direct di-sign to scgo ontimii?. man /machine mix for assecblv. 
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Figure I . ./hachine Spectrim for Assemhlv 
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Froo SkyLab we have demonstrated and proven that manned Extravehicular 
Activity (EVA) is a viabl technique for relatively simple one-time assembly 
functions. However, as depicted in figure 2, ve recognize that as structure 
characteristics and requirements become more complex we must emphasize the 
role of reraote/automated systems in structural assembly, using man as an 
overseer. 


TOTAL 

AUTOMATKM 


SPACE ASSEMBLY TECHNOLOGY 
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•geostVionarv 


• SCIkNCE/MfLH:ATION 
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• • 

ST 


•SKYLAB 


— ► TODAY — 
— — »■ SIZE- 

WALK 


YajOQO 

-COMPLEXITY 

RUN 


BEYOND • 

-EXPERIENCE 

— ► FLY 


Figure 2 Man/Machtne Role in Assembly 


Manual assembly is very feasible (figure 3) t^en mechanical assembly 
methods remain simple or when the structure to be assembled is in close 
proximity to the Orb iter payload bay. However, asseiibly with manual crew 
aids becomes less efficient as construction moves to repetitious functions 
for large scale structures. Here, remote or automatic assembly aids may 
best perform the assembly factions. 
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automatk: assembly machines 
(EG -SPACE SPK>ER~I 
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• LARGE SCALE OPERATIONS 
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• REMOTE OPERATIOMS 


■ MONITOR EXECUTION. TR0U8LC 
SNOOT HAIRMMARE AND SOFTWARE 

• LOW OR CONTROLLED CONSTRUCTION 
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FREE FLVING TELEOFEAATORS 

• pilot transport vehicle 

• REMOTE OPERATIOMS 


• CONTROL MANIPULATOR ARMS 

• NON -REPETITIOUS OPERATIOMS 
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TROUBLE SHOOT HARDWARE. 
SOFTWARE 

• TASKS WITH mCH dexterity 
RECUIREMEMTS 
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• PROVIDE STABLE STS PLATFORM 
FOR CONSTRUCTION OPERATIONS 
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CONSTRUCTION 


• OPERATE MANIPULATOR TO 
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STRUCTURAL ELEMENTS 
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*- 1 
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DEVELOPMENT EXISTING CAPABILITY 

1 1 

; 
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• LOCAL CONSTRUCTION. SMALLER 
SCALE CONSTRUCTION 


Figure 3 Orbital .^sembly Aids and Crew Involvement 
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(Xtr interest in the <!e termination of efficient, cost effective structural 
ass^sbly is manifested in a three year plan (figure 4). Through 1982 we will: 

a. Continue to develop the cost analysis begun last year. This analysis 
is intended to establish a method for economically mixing large structure 
assonbly techniques. It will also develop and evaluate procedures for assem- 
bling various large structures. We consider this analysis and its output, a 
working cost algorithm for assembly, to be our major study emphasis. The 
algorithm will be computerized and maintained such that an organization can 
determine the most cost effective method for assonbling any defined structure. 


• CONTINUE TO DEVaOP COST ANALYSIS - MAJOR STUDY EMPHASIS 

• SHIFT FOCUS TO SPACE PLATFORMS & DEPLOYABLE STRUCTURES 

• SHIFT EMPHASIS FROM MANUAL EVA OPERATIONS TOWARD REMOTE/AUTOMATED 
OPERATIONS 

• CONTINUE TO SUPPORT ANALYSIS THROUGH SIMULATION - NEUTRAL BUOYANCY, 
ZERO-G, COMPUTER, OTHER PROGRAM SIMULATIONS 

• CONTINUE TO DEVELOP & UPGRADE DEFINITION OF ASSEMBLY AIDS 4 CREW AIDS 

• DEVELOP ASSEMBLY GUIDELINES DOCUMENT 


Figure 4 Three-year Plan for LSST Operations 
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Figure 5 defines* the functions required to coaplete the three-year 
plan. Typical structure scenarios, based on benchnark large structures, are 
being exaained and expanded in the area of assembly. Data collected from 
documentation and simulation feed into functional analyses for each scenario. 
From such analyses can be determined crew tasks and associated times, as well 
as assembly and crew aid requirements. Such data can be converted to number 
of Space Transportation System (STS) flights to determine manual assembly 
costs, and definition of assembly and crew aids. This can be compared to 
other cost factors determined through further analysis. The resulting cost 
algorithm will provide a useful tool for defining the proper mix of functions 
for man and machine. 

b. study capliasis previously has been on erectables. Since we have 

established some definition on erecting structures through manual E?/» opera- 
tions, we will concentrate on deployable structures, with some emphasis on 

fabricated a8;i«biies. In line with LSSt Program Office Interests we will 
address space platforms in lieu of antennas. 













c. We have establfs? <^*4 an initially adequate amount of baseline data 

for manual EVA asseably, we need to better understand the specifics of 
remote/ au tcsaa ted assemb'y in order to determine proper man/machine mixes for 
building structures. Therefore, emphasis will shift toward remote assembly, 
though we will continue to evaluate manual techniques as required. 

d. We have performed and will perform various relevant neutral buoyancy 
assembly simulations as defined in figure 6. Our analysis will continue to 
be supported through underwater simulation. More realistic simulations will 
be possible with our new cargo bay mockup including a soon- to-be -delivered 
functional Remote Manipulator System (RMS). However, new simulation modes 
will be considered, since neutral buoyancy testing has several inherent 
shortcomings. Such simulation methods as zero-g (KC-135 Aircraft) and computer- 
aided techniques will be investigated. We also will continue to monitor those 
siraulatlons performed for other programs which may supply relevant data toward 
the analysis. 


V TEST AND EVALUATION OF URC NESTABLE COLUMN ELEMENTS 
WITH LOCKHEED-SUPPLIED JOIMTS/UNIONS. 

V ASSEMBLY OF TETRAHEDRAL CELL USING SELECTED BEAMS AND 
ROCKWEU-SUPPLIED JOINTS 

V NEUTRAL BUOYANCY EVALUATION W ROCKWaL-SUPPLIED EVA 
ELECTRICAL CONNECTOR. 

V CONTINUED EVALUATION OF A VARIETY OF POSSIBLE lEMENTS, 
JOINTS AND assembly TECHNIQUES. 

V evaluation OF 36-ELEMENT STRUCTURE BY MIT 

V ON-ORBIT MAINTENANCE OF SPACE TELESCOPE 

Figure 6 Neutral Buoyancy Activities for FY79-FYSO 
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e. As a part of the analysis and slaulation activity we will continue 
to define and develop asseobiy aids and crew aids required to assemble large 
structures. We will consider those aids available through STS, bat will not 
limit ourselves to them. We understand that assembly can occur either in the 
payload bay or frcwi a remote site. Therefore, assembly aid requirements may 
%-ary from structure to structure. 

£. An assembly guidelines document will be generated from data collected 
from analysis, simulations, and early STS flights. Such a dociment will as- 
sist in the planning and development of the assembly techniques. 

Figure 7 describes the schedule for meeting the six functions listed 
above. 

A detailed explanation of the study, as well as the accomplishments for 
the year, are described in Part B. 
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In sumaary> let us address what we have learned about assembly in space 
(figure 8) . From Skylab we know that man can perform large scale planned 
and unplanned operations. Both erectable and deployable assembly have been 
successfully demonstrated. 

We further have demonstrated in a water environment, that under control- 
led conditions an EVA subject with minimal crew aids (dual handrails) can 
manipulate masses up to 17,000 lb. 

Underwater simulations of payload-related EVA tasks have demonstrated 
that a crewman can perform contingency EVA operations. However, this is 
dependent upon early planning in design for manned participation in such 
contingencies. 

Neutral buoyancy simulations investigating the transport, positioning, 
and assembly of large structural elements have simulated assembly with unaided 
one and two man operations, EVA operations with manipulator assistance, and 
EVA operations with small piloted vehicle support. From such tests we have 
determined that EVA assembly is possible and feasible. Results indicate 
that, even though one crewman can accomplish assembly, it is more efficient 
with two men and in sone cases with machine aid. 


WHAT HAS BEEN DONE TO HELP US LEARN ABOUT ASSEMBLY IN SPACE? 
ACTIVITY RESULTS 

V SKYLAB REPAIR OPERATIONS 

ESTABLISHED THAT CREWMEN CAN PER- 
FORM LARGE SCALE PLANNED AND 
UNPLANNED OPERATIONS 

1 EXPERIMENTS WITH MANUAL MANIPULA- 
^ TIONS OF VERY HIGH MASSES 

NB SUBJECTS MANIPUUTE 17,000 LB. 
MASSES 

, NEUTRAL BUOYANCY SIMULATIONS OF 
V SPACELAB PAYLOAD-RELATED EVA 
TASKS 

•CREWMAN PERFORM CONTINGENCY EVA 
OPERATION IN PAYLOAD BAY 
•PLAN FOR CREW INVOLVEMENT EARLY 
IN DESIGN 

I NEUTRAL BUOYANCY TRANSPORT, POSI- 
V TIOi^ING AND ASSEMBLY OF LARGE 
STRUCTURAL ELEMENTS (MSEC & LaRC) 

• UNAIDED ONE AND TWO MAN EVA OPER- 
ATION 

• EVA O.fRATION WITH MANIPULATOR 
ASSISTANCE 

• EVA OPERATIw, ,iMTH SMALL PILOTED 
VEHICLE SUPPORT 

•EVA ASSEMBLY POSSIBLE; TWO MAN, OR 
MACHINE AIDED TASK PREFERRED TO ONE 
MAN OPERATION 

• CREW WORKSTATION/RESTRAINTS 
REQUIRED; CREW MOVEMENT IS COSfLY 
•STRUCTURAL ELEMENTS MUST HAVE 
FLEXIBILITY DURING ASSEMBLY 
•ASSEMBLY TIME FOR TETRAI.EDRALCELL 
APPmiMATaY 1/4 HOUR 
•CONS HER CREW FOR NONREPETITOUS 
TASKS, CONSIDER MACHINE FOR 
ERECTINO/OEPIOYING STRUCTURES 


Figure 8 essons Learned in Large Structure Assembly 
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It is Important to note that assembly time is greatly reduced, and 
hardware damage is kept to a minimum when the crewman has a proper work- 
station, which Includes foot restraints, and continuous visual and 
manipulative access to the ccHnponents being assembled. It should also 
be emphasized that there must be flexibility among structural elements 
during the actual assanbly operation. Unions on columns or beams which 
do not allow some play during assembly are strong candidates for damage. 

We have found that a two-man EVA team can assemble a tetrahedral 
cell in about 15 minutes when properly restrained and with minimized 
crew activity. However, the water environment and its inherent drag on 
large volume, low mass equipment may make this a very conservative 
number. Use of ocher simulation modes may demonstrate that this number 
can be reduced. 

Lastly, we should emphasize that manual EVA is an acceptable mode for 
nonrepetitlous assembly tasks. However, if repetitious tasks are required 
or if assembly occurs remotely from the Orbiter cargo bay, we should 
consider remote controlled assembly equipment for large scale construction. 
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PART B - RESULK TO DATE 


BACKGROUND AMD SCOPE 

Essex Corporation is currently supporting MSFC's LSST program under a con- 
tract entitled "On-Orbit Assembly of Large Space Structures" (NAS8-32989) . The 
overall purpose of the effort is to learn more about the cost for assembling a 
large structure by EVA crewmen working unaided or using available assembly aids 
such as the manned maneuvering unit (MMU), shuttle remote manipulator system 
(RMS), or a teleoperator. Although the total cost for a large structure would 
include costs for such activities as research and development, ground fabrica- 
tion, checkout, and ground support, the cost for assembling a platform or 
antenna in space will be a major cost driver and should be considered when 
evaluating any proposed LSS As a candidate for further development and flight. 
The work being performed by Essex is aimed at developing assembly cost data so 
the assembly costs for any proposed structure can be estimated before any signi- 
ficant development expenses are incurred. Although embryonic in nature, this 
%iork could eventually have a tremendous impact on the selection of proposed 
structures for further evaluation. 

CONIRACT TASKS 


The two major activities being performed within the contract are (1) develop- 
ment of a cost algorltluD for predicting assembly costs (Task l)^and (2) support 
of the LSS testing effort at MSFC’s Neutral Buoyancy Sinsulator (Tasks 2, 3 & A) . 
The four tasks and their major outputs are shown below. 


TASK 1 TASK 2 TASK 3 TASK ^ 
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OEFINE SIMULA' 


produce 


CONDUCT DEFINED 

SCENARIOS t 
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ASSY, SUPPORT 


TESTS 

ALCORITHK 


TESTS) 


EQUIPMENT 



• TASK ANALYSES 
a SUPPORT EQUIP 
REQUIREMENTS 


• SIMUUTtOH 
REQUIREMENTS 

• TEST PLANS 


• SKETCHES 

• DRAHIN6S 

• KARDNARE 


• FINAL TEST PLANS 

• TEST SUPPORT 

• TEST REPORTS 


Task 1 is by far the most difficult and consuming of the four tasks. In 
this task, several LSS scenarios are being prepared that describe a wide range 
of structure configure .ons and assembly operations. These scenarios are used 
to develop more detailed functional analyses that describe the assembly steps 
and the hardware required to support the assembly task. The seven Task 1 sub- 
tasks are listed below. 


SUBTASK 


1.1 Develop Generic Assembly Scenarios 

1.2 Define Assembly Tasks 

1.3 Define Support Equipment 

1.4 Develop Equipment Performance Requirements 

1.5 Develop Cost Algorithm 

1.6 Identify Cost Parameters 

1.7 Determine Costs for the Six LSSs Studied and Other 
Proposed LSSs to Evaluate Cost Options 
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In Task 2, the neutral buoyancy test program is being defined in terms of 
the simulation requirements and support hardware required for the tests. Pre- 
liminary test plans are being prepared for evaluation of two types of joints and 
t«K> types of columns. Preliminary test plans for evaluation of a 36 element 
structure to be provided by the Massachusetts Institute of Technology (MIT) are 
also being prepared. 

The purpose of Task 3 is to provide hardware needed during the neutral 
buoyancy tests but not provided by MSEC or some other NA.SA center. This in- 
cludes handrails, foot restraints, assembly fixtures, and data recording equip- 
ment. 


In Task 4, the simulation test plans are updated to reflect the as-built 
hardware configurations and any additional procedural changes. During the tests 
Essex provides a test conductor as well as data recorders and test observers. 

PROJECT STATUS 

The major output from Task 1 is the cost algoritlmi for predicting assaably 
costs. To develop this algorithm, several supporting activities have been started 
that will provide input data to the algorithms such as the wide range of crew and 
aided assembly tasks and the cost for providing various labor and hardware ele- 
ments. Although the cost algorithm is not complete, many of these supporting 
activities are near completion. 

Five assembly scenarios have been prepared that describe the erection, 
deployment, and fabrication tasks for the structures listed below. These struc- 
tures were selected not because of their probability of further development and 
flight but because of the wide range of assembly tasks they included that should 
be reflected in the algorithm. 

e LaRC/RI Pentahedral Area Nodal Mount (Ref. 1) 

• JSC/MDAC Single Trapezoidal Box with Nested Pallets (Ref. 2) 

• JSC/MDAC Telescopic Spine (Ref. 2) 

• MSFC Space Fabricated Platform (Ref. 3) 

• MSFC 50m Deployable Antenna (Ref. 4). 

Each of these scenarios Includes the following major headingrt 

1.0 Outline 

2.0 Description of Structure 
'3.0 Packaging Plan 

4.0 Major Assembly Steps 

5.0 Assembly Equipment and Aids 

6.0 Problem Areas. 

These sections describe the major activities that might Impact total cost for 
structure assembly from launch through component deployment and assembly to 
scientific instrument installation and checkout. 

Functional analyses that describe these structures in more detail have also 
been prepared. These documents describe in more detail the individual assembly 
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tasks, the crewmen and their locations, the crew aids and LSS hardware required 
to perform the task, and the time required. 

Individual cost elements such as assmbly fixtures, handrails, or remote 
manipulators have been identified and are presented in Table 1. The specific 
costs for each of these elements is currently being assessed in terms of dollar 
cost, volume, weight, etc. The costs for these items will not remain static, 
and some will be entirely structure-dependent. Any uncertainties associated 
with the individual cost elements are being recorded in addition to the pro- 
jected cost per unit, flight, pound, foot, hour, etc. 


Table 1 - LSS Assembly Cost Elements 


(1) Ubor 

- EVA A .rOBAuts 

- XVA Support Crev 
o SMS Operator 

o Aaay Coordinator 

- Grouid Support Crew 

- Trataioit T>: e. Materiala h DevelopaeAt 
X^elopacBC Siaulationa 

(2) LSS Hardware 

* LSS Baasa or Coluana 

- Coodultt k Juoctiott iozea 

- ExperiMut BaUeta 

- LSS SuBayates 

o Attitude CofBtroX Syar<m 
o Power SyatcB 
o ThervaX Syattt 
o Seoaora 

- Alignaent Toola 

- Jiga d Pixturaa 

- Crew Toola 

- Crew Alda 

o Handralla 
o Foot Reatralnta 
o Tctbera 
o Lighta 

o Caaeraa k Hoaltora 
o Portable Work Statlcma 

- RMS 4 End Effcctora 

- IMU 

~ Materiela (Sbaet Stock, Welding Materiala, 

- Paatenera 


(3) Craw Support EgulpMot 

- Preaaora Suita 

- Suit laaupplf 

“ Suit Stowage 4 Baadliag 

- Pood 4 Oeber Coaawaklea 

- Tim Ob Orbit 

- Aaay Procaduraa, Checkllata, Dtagrawa 

- epMUBicatioB EguipMeat 


(4) Plight Operationa 

- No. of Fllghta 

- Duration of Fllghta 

- No. of Onboard Crewwen 

* No. of Cround Crewwen 

- No. of EVAa 
“ EVA Duration 

- Orbital Haneuvera 

(5) Other 

Aaay Error Probability 

* Aaay Daatructlon Probability 

- Power <ihtg 4 Peak) 

* Bydraullca, Pneuaetics 

“ Ground Prep. Tine (Packaging) 

- Develo p we o t Coats 


) 


Development of the initial cost algorithm should be completed by February, 

1980. 


In Task 2, a generic simulation test plan Weis prepared for distribution by 
MSFC to contractors and other NASA centers who are planning test activities in 
MSFC's Neutral Buoyancy Simulator. This plan identifies the step-by-step task 
descriptions required, the data recording capabilities and other information 
needed by personnel not familiar with the MSFC test procedures. 

Additionally, preliminary test plans were prepared for evaluation of the 
LaRC snap joint/unions, RocWell ball and socket joints, and the 18 ft and 30 ft 
columns (NB-18A, B and C) . 
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In Task 3 a video tape recording systen was provided for recording :.he 
test runs. This system has been tremendously useful for analyzing the crew 
assembly operations after the test runs. 

A manned maneuvering unit (MMU) mockup is also being designed for use in 
the simulator to support the LSS test runs. 

In Task 4 six member tetrahedral cells were assembled 38 times during 
21 test runs. Dur g the runs Essex provided a test conductor, data collectors, 
and test observer Final test plans were provided prior to each run, and quick- 
look test reports were prepared after each run. Final test reports were also 
prepared describing the results of all the tests. Figures 9 through 14 illus- 
trate the assembly of the tetrahedral cell from initial conditions through 
installation of the simulated equipment module (SEM) at the apex at the end of 
the run. Figures 15 and 16 show the two joints evaluated. 

MAJOR STUDY OUTPUTS 

Three sttidy outputs are presented below in addition to the results already 
discussed in the above project status summary. These study outputs are: 

• Neutral buoyancy test results 

• Task element times 

• Status of cost algorithm. 

NEUTRAL BUOYANCY TEST RESULTS 

T’ie results of the 21 neutral buoyancy test runs to evaluate the snap joint/ 
unions, ball and socket joints, and 18 ft and 30 ft columns are presented in 
detail in the quick-look and final test reports. However, the following para- 
graphs summarize the results and conclusions. 

Assembly Time - The lowest assembly times for unaided operations (no RMS 
or MMU) for the 18 ft columns were on the order of 30 min for the six element 
structure. The best assembly times using the simulated RMS for coljmn handling 
and a simulated MMU for crew translation for three union/column combinations ^ : 
listed below. 


Time (iin) 

• Ball and Socket w/ 30 ft Columns 10.6 

• Ball and Socket w/ 18 ft Columns 11.1 

• Snap Joint w/ 18 ft Columns 14.5 

This represents an evaluation of two types of unions and colu’. is from dozens 
of possible alternatives. Obviously no firm hardware tradeoff data should be 
drawn from these preliminary tests. However, it does appear that the assembly 
operation is possible with existing STS equipment and EVA technology and the 
assembly time for a six element structure is in the 15-30 min. range. 
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Figure 15 - Ball and Socket Joint 



Figure 16 - Snap Joint/Union 
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Ease of Operations - Subjectively, the crew preferred the ball and socket 
joints. It appeared from the run times that more training was required for the 
snap joint/unions for the crew to become proficient at mating the unions. 

Support Equipment Needed - The snap jcint/union was more easily operated 
when a positive crew restraint such as a foot restraint was used. The crew 
could easily use the ball and socket joint without the aid of a foot restraint. 

Reliability - The snap joint/union often could not be mated by the crewman 
because of column or assembly fixture misalignment. This required that the 
utility divers make the connection or verify that the crewman had successfully 
made the connection. This was not true for the ball and socket joints. 

TASK ELEMENT TIMES 

The evaluation of video tapes from the LSS test runs and some of the Space 
Telescope test runs revealed 10 major task categories. All the crew operations 
can be described in terms of these task categories and 83 subtask categories or 
individual task elanents. The 10 task categories are: 

• Remove 

• Translate 

• Position Body 

• Ingress 

• Egress 

• Attach 

• Transfer 

• Mate 

• Verify 

• Hand Tool Use 

The task elements shown in Table 2 can be used to describe all the crew operations 
observed in the LSS and Space Telescope test runs. The Space Telescope runs were 
used to include large module handling and the use of tools which were not observed 
during the LSS runs. 

The task element data presented in these charts can be used along with 
detailed ass^bly procedures for any proposed structure to estimate the structure 
assembly time. The validity of the task element time data will be determined by 
comparing estimated versus actual assembly times for LSS structures assembled in 
the neutral buoyancy simulator in the future (e.g., the MIT test scheduled for 
January, 1980). 

STATUS OF COST ALGORITHM 

The initial cost algorithm for predicting total LSS assembly costs is cur- 
rently a collection of independent sets of data with no connecting logic. The 
major parts of the algorithm are the task element times, cost elements, and 
functional analyses that define support hardware the labor requirements. It 
is anticipated that the initial algorithm will be completed in February, 1980 and 
will be continually updated and expanded throughout the LSST program. 
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Table 2 - LSS Assembly Task Element Times 


TASK UDtENT 


1.0 REMOVE 


1.1 Equlpncnt NoOule from 

21 

Rectpucit - 


push/pull, no lAtch) 


1.2 Union from Box 

7 

1 . 3 Union Iron Post 

HA 

1.4 Pin front Post 

HA 

1.S Column from Rjck 

B 

1.6 Ualsi Ttthor from tundrotl 

12 

1.7 Wrist Tother from Union 

6 

1 8 Wrist Ttthor from Equip. 

» 

mtnt Moouit 


1.9 Moduli from Bist Rltto 

15 

Fins - Crltlctl Alignmtnt 




TASK ELEMENT 

TIME 

(stc) 

2.0 

TRANSLATE 


2.1 

Along Sin 10 ft. 

24 

2.2 

Along Sill 20 ft. 

49 

2.3 

Ovtr Sin from Outriggtr 

21 

2.1 

Ovtr Sill from Ctrgo B«> 

11 

2.5 

Up Assy Aid Polo 15 ft. 

40 

2.6 

0o«n Ally Aid Polt 15 ft 

22 

2.7 

Up Assy Aid Poll 15 ft. 
■Ith Equipmtnt Ncdult 
(3’x3'iM/7‘) 

44 

2.8 

20 ft. »:th Columns 
Using WU 

MA 

2.9 

30 ft. »lth Calwnnt 
Using ItiU 

NA 

2.10 

20 ft. using HMU 

NA 

2.11 

30 ft. Using WiU 

HA 

2.12 

Body 90* 

10 

2.13 

Body 180* 

20 

2.14 

10 ft. Along Strilght 
HtndrtI 1 

12 

2.15 

10 ft. Along Curytd 
Hindrtll 

15 



TASK ELEMENT 

TIME 

(stc) 

3.0 

POSITION BOOT 


3.1 

To Ingress Foot Rtstrslnt 

19 

3.2 

To Ingrtss Ltg Rtitrtint 

29 

3.3 

To AtUch Wilst Rtstrtlnt 

NA 

3.4 

To AtUch or Vtrify Union 
Conntctlon 

22 

3.5 

To Vtrify Coliitn Connec- 
tion 

23 

3.6 

To Rtctivt Union 

NA 

3.7 

To Rtctivt Coliltn In Ltg 
Rtstrtlnt 

7 

3.8 

To Rtctivt Colittn In Foot 
Rtstrtlnt 

NA 

3.9 

To RKtIvt Column w /0 Ltg 
or Foot Rtstrtlnt 

17 


TASK ELDIENT 

TINE 

(stc) 

4.0 

INGRESS 


4.1 

Foot Rtstrtlnt Using Ont 
Mtndrtll 

21 

4.2 

Foot Ristrtint Using Tmo 
H tndrtlls 

13 

4.3 

leg Reitreint Using One 
Htndrtll 

37 

4.4 

leg Rtstrtlnt Using Tw 
Htndrtils 

NA 



TASK ELEMENT 

TINE 

(see) 

5.0 

EGRESS 


5.1 

Foot Rtstrtlnt Using Ont 
Htndrtll 

• 

5.2 

Foot Rtstrtlnt Using 
Tmo Htndrtils 

5 

5.3 

Ltg Rtstrtlnt Using Ont 
Htndrtll 

14 

5.4 

Ltg Rtstrtlnt Using Tmo 
Htndrtils 

HA 


TASK ELEMENT 

TINE 

(Stc) 


AHACH 


6.1 

Wtltt Ttthtr to Htndrtll 
alth Foot Rtstrtlnt 

16 


Wtlst Ttthtr to Htndrtll 
m/c Foot Rtstrtlnt 

20 


Union to Own Wrist 
Ttthtr 

17 


Union to Other CrtMttn's 
Wrist Ttthtr 

NA 


Wtlst Ttthtr to SEM 

12 


Nodule to Clothesline 
Hook 

12 


Wrist Ttthtr to Clothes- 
line Modulo 

IS 
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Table 2 - LSS Assembly Task Element Times (Continued) 


TASK ELD1EN7 


TIME 

(«c) 


TASK ELEMENT 


TIME 

(see) 


7.0 

TRANSFER 


7.1 

Assy Aid to Vertical 
Position (1 or 2 creumen) 

33 

7.2 

Assy Aid to Locked Posi- 
tion 

26 

7.3 

18 ft. Colunn 10* Usina 
Foot Restraint 

12 

7.4 

16 ft. Column 60* Using 
foot R«str«1nt 

49 

7.S 

18 ft. Column 60* Using 
No Foot Restraint 

43 

7.6 

30 ft. Column 10* Using 
Foot Restraint 

NA 

7.7 

30 ft. Coliann 60* Using 
Foot Restraint 

NA 

7. a 

30 ft. Colunn 60* Using 
No Foot Restraint 

NA 

7.9 

Module on Clothesline 
20 ft. 

3S 


8.0 

MATE 


8.1 

Assy Aid Clamp to Pole 

66 

8.2 

Union to Pedestal - 
Critical Alignment 

28 

8.3 

Column to Union • 
Critical Alignment 

31 

8.4 

Equipment Module to Unton- 
Critical Alignment 

96 

8.S 

Union to Pedestal - Coarse 
A1 ignment 

23 

8.6 

Colunn to Union - Course 
Alignment 

9 

8.7 

Equipment Module to Union- 
Gross Alignment 

34 

8.8 

Union to Assy Pole Clamp 

66 

8.9 

Union to Column - Course 
Alignment 

9 

8.10 

Tighten 8a11 Joint Jam 
Nut 

12 

8.11 

Module to Base Plate Pins- 
Critical Alignment 

90 



TASK ELEMENT 

TIME 

(sec) 

9.0 

VERIFf 


9.1 

Assy Aid Pole Clamp 
Secure 

30 

9.2 

Assy Aid Union Clamp 
Secure 

36 

9.3 

Union Mated to Pedestal • 
Critical Alignment 

20 

9.4 

Column Hated to Union - 
Critical Alignment 

36 

9.6 

Union Mated to Pedestal - 
Gross Alignment 

NA 

9.6 

Column Hated to Union - 
Grots Alignment 

NA 


TASK ELEMENT 

TIME 

(tec) 

10.0 HANO TOOL USE 


10.1 Grasp Tool 

17 

10.2 Position Ratchet on Bolt 

9 

10.3 30* Ratchet Stroke* 

3 

10.4 46* Ratchet Stroke* 

4 

10. 6 90* Ratchet Stroke* 

6 

10.6 ISO* Ratchet Stroke* 

10 

10.7 Release Bolt Clip 

20 

10. 8 Engage Bolt Clip 

26 

10.9 Translate 2* Betucen 

10 

Bolts 




*Ltit th«n S ft-lbi. torque 







SUMMARY 


The major activities remaining in the existing Essex contract are additional 
support of the LSS tests planned for January, 1980 and completion of the initial 
cost algorithm. These activities as well as the tasks already completed will be 
described in a report due in February. 
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SPACE SCIENCES AMD APPLICATIONS PLATFOEM 


Derivation of near-term spac*? pl-tfena technology requirements was the 
primary objective of the Space Sciences and Applications Platform Study. 
Technology advancement to effect an orderly development program leading to 
coJItruction of space platforms in the 1985 time period was defined, in a 
program that utilized a viable platform and service module concept with 
concise OSS/OAST mission ard payload models. Consideration was given to 
concepts for alternate platform servicing of the payloads described in the 
model. One of these concepts was selected (Figure 1) for detailed defini- 
tion and for provision to act as a baseline for technology requirements 
study. 

Using the baseline configuration, issues pertinent to platform develop- 
ment as well as orbit emplacement and operation and on-orbit construction 

methodology were analyzed. These analyses provided the following datar 
(a) payload definitions and installation options, (b) identified structural 
and subsystems options, (c) developed integrated platform system concepts, 
and Cd) identified technology deficiencies and recommended technology develop- 
ment timelines. 


SCIENCE AND APPLICATIONS PLATFORM 



im 



SCIENCE MD APPLICATIONS PLATFORM 
TECHNOLffSY DEVELOPMENT PLANNING 

Utilizing the data obtained fr'»a tie Science and Applications Platforra 
Study a generalized technique was established for estiaating technology 
developmnt requirements. The sch^'dul^period (fifty-eight months for the 
development program) extended from the ’^termination of the system require- 
aents through the completion of a systems integrated ground test. Major 
subsystems applicable to a platform such as would be used in the science 
and applications mission were defined as well as the interaction of these 
systems with the structu.c and associated construction equipment. Schedul- 
ing and development requireaenfs encompassed the activities/tasks relevant 
only to the construction of the platform (i.e., individual subsystems would 
be coiapleted...oaly...to..the extent of their effect upon the design of the plat- 
form structure and construction equipment). Figu0 2 depicts a portion of 
the development planning schedule done in chart form that incorporates the 
data used in developing the FEET type program (i.e., the interrelationship 
between each system and the tasks within each system, including task dura- 
tions). 

It was during the Space Sciences and Applications Platform Study and the 
subsequent development planning chat it became apparent that two major 
challenges exist in large space systems (LSS) construction. These are: 

(a) the installation of utility distribution systems and (b) the design/ 
development of construction fixtures required for construction of the space 
platform. 


SCICNd MD APPUCATIOHS PlAlfORW 
HCHN0UX5Y DEVElOfWaff PtANNfNG 



Figure 2 




UTILITIES DISTRIBUTICW 


The technique of distributing power and data lines and fluid (e.g., 
cooling, if necessary) lines to and fro« the various payloads on a large 
space systea is an important consideration in the design and developaent 
of the system. It is as significant as the platform structure des'vn. Some 
of the more important factors to consider when designing the utility distri- 
bution system are shown in Figure 3. Options that must be considered in 
implementing the distribution of utilities, range from the methods by which 
the systea is installed, or inte>r- ted, to the actual fora the utility is to 
take. A thorough study and tradeoff analysis are required to arrive at an 
optimum configuration. 

The options are subject to the influence of many drivers. The physical 
design of the structure and its construction process have a great influence 
on Che distribution system design. Variations in the platform design, and 
construction sequence would in many cases provide i«>re impact than variations 
in the magnitude of the utilities. The entire scenario of stowage, installa- 
tion, servicing, etc., establishes a basis fcr the design of the distribution 
system. 

Detail problems associated with utility distributions are similar to 
those encountered in earth-bound systems; however, the solutions are not 
necessarily the sanK. Considerable research and development is necessary 
CO resolve the problems associated with space environment and to bring them 
into state-of-the-art. 

UTILITIES DISTRIBUTION 



• LAY-ON / PREASSEMBLED / STRUCTURE-INTEGRATED 

• DUCTED /SEPARATED 

• COAX/FIBER-OPTICS 

• HIGH-VOLTAGE /LOW-VOLTAGE 



• PLATFOR/M CONFIGURATION 

• LOAD LOCATIOA 

• FAB /ASSY /DEPLOY SEQUENCE 

• RMS/EVA/FIXTURE INSTALLATION 

• STRUCTURAL INTERFACES 

• UTILITIES MAGNITUDES 



• RF I /THERMAL ISOLATION 

• THERMAL EXPANSION STRESS 

• CONNECTORS/ JOINTS 

• ATTACHMENTS 

Figure 3 
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utiiiit pisfiiBUTies mumrt 


A conc«pt for id utilities 4istributioa systeai was developed utilizing 
the Space Sciences and Application* Platform as a model. The concept provides 
power, cooling and data service to various payload pallets jwjunted on the 
node points of a tetrahedral truss structure. This concept is shown in 
Plgure 4* Utilities, originating at the side-B»unted power loodule, are 
routed underneath the node points, to preserve- the pallet access and follw 
the path of the surface coIutos. High/low voltage regulators are incor- 
porated into the distribution runs to minimize the cable size in the sections 
that wist *“rans«it higher power. 

Pallet interface points are located near the centers of the surface 
colttsns to service each pallet location. The upper ends oC these lines would 
interface with standard payload connectors such as those proposed for standard 
iwanted payload pallets. Shut-off and selection valves would Interface the 
coolant line runs to a standardized connector plate in the vicinity of the 
payload * 


mnmmimmmm oiiyiY oist8J8utk}ii comcept 





Figure 4 
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SPACE FABRICATED ELECTRICAL POWER 
AND DATA DISTRIBUTION CONCEPT 

In contrast to the seai-rigid/rigid line installation shown in Figure 4, 
a flexible line concept for a space fabricated platform shown in Figure 5 
has been defined in a space construction system analysis study. This concept 
allows for continuous installation of electrical power and data lines during 
beam fabrication. A fabricated utility bundle, complete with branch con- 
nectors , would be attached to the space fabricated structure as one of the 
automated operations of the platform construction fixture. Interconnection 
of the utility lj.nes on the longitudinal beam with similar lines on the cross 
beams may require Astronaut Extravehicular Activity (EVA) . 


SPACE FABRICATION 

ELECTRICAL PO«(ER AND DATA OISTRIWJTION CONttPr 



Figure 5 
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INTEGRATED FIBER-OPTIC CONNECTOR 


Data transmission through fiber optics (F/0) for LSS applications has 
additionally been concluded as acceptable for use in relay satellites for 
digital transmission of mail, control and regulation of power status, etc. . 

A design study was conducted to determine a feasible method to integrate 
the P/0 capability into the space platform construction. The objective of 
the study was to develop methods for connecting erectable structure type 
unions and struts that have F/0 con’^ectors as an integral part of the 
assembly. Specifically, the design objective was to provide a mechanism 
that would mate and align a F/0 connector plug/receptacle set during a strut/ 
union cm-orbit assembly operation using the Remote Manipulator System (RMS) 
or Astronaut Extravehicular Activity ^.EVA). From a comprehensive set of 
mechanism concepts the design shown in Figure 6 was selected. Subsequently, 
design of the concept was generated in sufficient detail to permit fabrica- 
tion of a test article. Tests will be performed using the test article to 
assess the contributions of the mechanism toward the overall attenuation of 
Che optical path. 

INTEGRATED FIBER-OPTIC CONNECTOR 



•EVALUATE OPTICAL LOSSES DUE TO ALIGNMENT 
•TESTS TO START 12/79 

Figure 6 
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ERECTABLE STRUCTURE ASSEMBLY SIMJLATIOS 

The utilities distribution system is not solely comprised of lines and 
connections. A significant item for installation of the utilities is the 
installation/attachiaent of such items as regulator boxes, systems modules 
and payloads after the platform has been assembled. Figure 7 illustrates 
one method by which such attachments could be made. The device is an 
adaptor that interfaces with the union socket assembly on one end with 
provisior for module attachoient at the other end. When inserted into the 
union it is self-aligning and mechanically activates a mechanism which drives 
an acme threaded screw into a receiving nut in the union; a rigid joint is 
thereby provided. The energy source for the adaptor is a set of two clock 
springs. A test article was fabricated and successfully tested in the Neutral 
Buoyancy Simulator 'NBS) at Marshall Space Flight Center (MSFC) by pressure- 
suited subjects in a simulated EVA mode. Installation time for the adaptor 
was under three minutes . 


LARGE SPACE SYS1EMS 

ERECTABLE STWJCTURE ASSEMBLY SIMULATION 
AT MSEC'S NEUTRAL BUOYANCY SIMULATOR 


H. 



F igure 7 
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LSS CONSTRUCTION FIXTURES 


Methods/processes for constructing large space systems, using the 
Shuttle Orbiter as the construction base, range from the erectable assembly 
of structure from components pre-fabricated on the ground to ore-assembled 
deployable structure to fully automated in-space fabrication using beam 
machine facilities. Figure 9 illustrates several types of construction 
fixtures that would accommodate various configurations oi platforms. 

Erectable Platforms - Assembled on-orbit from unions and struts by 
RMS and/or EVA. 

ia) Small Area Erectable - A platform similar to the Science and 
Applications Platform that can be assembled in one orbiter 
flight. 

(h) Large Area Erectable - Similar to a small area erectable but 
much larger and would require multiple orbiter flights to 
assemble with orbiter return capability. 

tc) Linear Erectable - A long slender platform 200 meters or greater 
in length with width no greater than the length of a strut. It 
also would require multiple orbiter flights to asseaJily with 
return capability. 

Deployable platforms - Pre-assembled on the ground and folded for 
packaging in the orbiter payload bay, When in orbit the platform 
is renKJved from the orbiter, and deployed to form the platform either 
by RMS or by a self-contained deployment mechanism. The platform size 
is generally dependent on one orbiter mission transportation capability. 

Space Fabrication - On-orbit fabrication of the main structure of LSS 
platfonns using a beam fabricating machine. Beam material Is brought 
to orbit in the orbiter in an unformed stage (e.g. , flat stock on reel) 
where it is formed and welded together to produce a platform structure. 
Multiple orbiter flights are required for assembly completion, thus 
requiring orbiter return capability. 

Assembly Fixture and Aids - This study presently being performed will 
derive concepts and requirements for assembly fixtures and aids necessary 
to the assembly and maintenance of the erectable and deployable space 
platforms. The results of the study are necessary for the initiation 
and definition of planning to develop cost effective. Shuttle compatible 
space systems for the 1985-2000 time frame. Initial tasks of the study 
included literature search oi previous studies to summarize the con- 
struction equipment requirements previously defined and to use this 
information as a data base for further construction definition. 
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CONSflUCflOi flXTlIRI DESIGM FTOBAWENTALS 

Fro® the studies perfonaed to date certain fnndaiaental design criteria 
have been generated (see Figure ID. During construction operations the 
fixture oust not onlf include platform retention and Mobility (translation, 
rotation, tilting) but should incorporate provisions to support EM activity 
in the fora of foot restraints, hand holds, equipment stowage, etc*. Large 
platform construction requiring more than one orblter flight to assemble 
wuuld impose the requlrewnt in the fixture to provide an attaching »dule 
containing llbration damping capability as well as orbiter return capability 
(l.e,, docking port, rendezvous lights/ transponders, etc.), fhe fixture 
design must also include consideration for packaging in the orblter payload 
bay. In most cases volume in the bay is the critical factor; therefore, the 
least volume required for the fixture should be a design goal. Lastly, the 
fixture to platform interface must be compatible structurally and mechani- 
cally as well as providing utilities transfer if required » 


CONSTRUCTION FIXTURE DESIGN FUNDAMENTALS 

• OPERATIONAL REQUIREMENTS 

• SUPPORT/ TRANSLATE ASSEMBLY 

• ENHANCE EVA 

• STOW EQUIPMENT 

• MANAGE UNTENDED OPERATIONS /LARGE PLATFORM) 

• UTILIZE RMS CAPABILITY TO MAXIMUM EXTENT 

• DESIGN FOR PACKAGING WITHIN PAYLOAD BAY 


• PROVIDE INTERFACE COMPATIBILITY WITH PLATFORM 

Figure 11 
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DUAL-USAGE FIXTURE, DEPLOYABLE /ERECTABLE 

A design concept is presently being formulated which will provide an 
interchangeability in components to accoomtodate the construction of the 
following platforms: (a) a small area erectable, (b) a deployable, and 

(c) a linear erectable. This concept will be developed in sufficient detail 
to provide a rough order of magnitude (ROM) estimate for fabricating a test 
article for subsequent systems tests. A preliminary concept of this fixture 
is shown in Figure 12. The concept incorporates a deployable arm, which can 
be mounted either on the orbiter payload bay longeron or on a special struct- 
ural member, and a translating rail fixture. One or both portions of the 
fixture can be used dependent on the platform to be constructed. The addi- 
tion of the translating rail fixture would allow larger platforms to be 
assembled with the RMS, 


DUAl-USAGE FIXTURE, DEPLOYABIE/ ERECTABLE 



Figure 12 
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THINGS V?E HAVE LEARNED 


Important conclusions to be emphasized from the studies/activities 
performed to date on space construction and platform design are summarized 
in Figure 13. These include; 

Installation of Systems Dominates Construction - Design of the platform 
and construction fixture(s) must incorporate the requirements for utility 
systems and paylcad installation. 


necessary design interaction during the early stages of design and 
carried throughout. 

Support Equipment Currently in Development and Planned is Suitable 
with Some Recommended Changes - The Manned Maneuvering Unit (mMJ). 
Cherry Picker, RMS, etc., appear to satisfy the requirements for 
support equipment. Additional rotational requirements of the RMS 
may be necessary for the complete mobility required. 


Space Platforms Shoul be Designed to be Compatible with Fixture. 
Support Equipment and Systems - Parallel design of platforms, fixture 
support equipment and systems must be accomplished to provide the 


THINGS WE HAVE LEARNED 


|/|NSTA ELATION OF SYSTEMS DOMINATES CONSTRUCTION 

f^SPACE PLATFORMS SHOULD BE DESIGNED TO BE 
COMPATIBLE WITH FIXTURE. SUPPORT EQUIPMENT, AND 
SYSTEMS 

^ SUPPORT EQUIPMENT CURRENTLY IN DEVELOPMENT ^ND 
PUNNED IS SUITABLE WITH SOME RECOMMENDED 
CHANGES 

Figure 13 
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This report covers a design study (ref. l) for an advanced L~Band High 
Resolution Soil Moisture RadioB»ter ~ SBSIMv - for the late 198 O time 
period conducted hy General Electric for SASA Goddard Space Flight Center 
over the period from June to loveaher 1978. The selected system is a 
plauaar slotted waveguide array at L-hand frequencies as shown in figure 1. 
The square aperture is 7^-75 a by 7^-75 m subdivided irto 8 tilted suh- 
atrrays The systaa has a 290 km circular orbit and provides a spatial 
resolution of 1 km. The aperture forms 230 simultaneous beaias in a 
cross-track pattern which covers a swath 5*20 kta wide. A revisit time 
of 6 days is provided for an orbit inclination of 50°. The 1 km 
resolution cell allows an integration time of 1/7 second and sharing 



ISie f«l«reat systeas* p&raai^ters aad perforaance characteristics are listed 
in Table 1. The antenna beam is tilted forwaid, 2 (P along the satellite 
track to provide resolution of the tw ortlx»gonal linear polarisations. 
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The selection of an array over a reflector is based uison two factors: 
First, the array has the advantage of a repetitive, aodalar design with 
the inherent advantages of redaced initial design and developraent, reduced 
ground sss^sbly and testijig, reduced aodular space testing and reduced 
ccEiplete space transportation and erection. Secondly, the sycEaetrical, 
streamlined array configuration, compared to an offset, asysnetrical 
parabolic torus reflector of about 3 tines the aperture, has significant 
advantages from the viewpoint of attitude control and orbit maintenance 
against tbs disturbing forces of atmospheric drag and to a lesser degree, 
of solar pressure and gravity gradients effects. 

With respect to systematic evolution, the array appears to lend itself 
well for a gradual development program Msed an the aodular array concept, 

as shown schematically in Fi^e 2. 



SM)Kii£. wmm SECfim. seuf tME«.oveo 

ton X «QMi WAVEGUR)€ ARRAY OR 
ICm X Mm STRm.MUE ARRAY 

• llcmaiAK»C^V«LOMCflT 

• SUKJLE SHUTTLE LAUNCH 

• SHUm.ESUrrORT£OMiS»OM 

• FREErLYERMIS»ON 

SYSTEM OF 2. 3 CXI 4 
ICMiXiem ARRAYS 



• GROUND TESTING 

• morviouML shuttle laubch a*» test 

• EVA lOKMORMANmiLATCMIASSSTEO ASSY 

• SHUTTLE SUPPORTED MISSION 

• FREE-FLYEB MISS3<X< 


FWIL SIZE ARRAY 

WITH BMCKSTRUCTURE Am 

TILTED »«ARilAY FRAME 

• GRCaWtO TESTMUO OF HfOIVKRIAL 
ARRAYS tibm X 10m) 

• MULTIPLE SHUTTLE LAUMTH OF 
LIMITED HimOER OF tOm ARRAYS 
AND EVA AND/OR MANIPULATOR 
ASSISTED ASSEMWLY 

• SHUTTLE SUPPORTED MISSION 

• f REET:lVER mission 


FULL SIZE ARRAY 

• GR0l«0 TESTING OF INDIVIDUAL 
ARRAYS tlOm X 10m) 

• MULTIPLE SHUTTLE LAUNCH AND 
EVA MVO MANIPULATOR 

ASSISTED ERECTION OF Ait SUBARRAYS 

• FREE FLYER MISSION 


Figure 2.- HRSMR - evolution of array technology. 
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Considerable iterative effort was expended on the assessaent of drag 
effects as a function of altitude and corresponding aperture size for 
constant footprint resolution. It was realized that this trade-off was 
aost critical to the determination of the optimua antenna type as well as 
the optiauis aperture size and orbit altitude in terms of overall mission 
cost. The characteristic cost minima for various candidate systems are 
shown in Figure 3. 



Figure 3-- HES!«!R - Cost vs orbit altitude. 


30? 


Several candidate vaveg;uide array systems were considered. It was found 
that the beaa aat^r of the antenna due to the dispersion in the waveguide 
and feed network prevented the use of a full-length waveguide array. Sot 
only would the beaa smear be excessive, but the aanufacturing tolerances 
to mintain the desired slot excitation in phase and amplitude over the 
length of the waveguide would toe severe, '^liis system would have the 
minimum number of receivers and lea^t coeqplexity, but the performance 
degradation due to beam smear and stanufacturlng tolerances are not accept- 
able. 


The selected system is a planar waveguide array consisting of 8 subarrays. 
The 8 subarrays are necessary to prevent the beam msear discussed in tl^ 
above paragraph. It was found in the trade-off studies cf orbit height, 
drag coefficient, and orbit maintenance propellant, that a 7i».75 m tr/ 
7^».75 m array In a lower orbit wet the 1 km resolution requiraaent with 
an increased fraction of overall weight devoted to orbit maiutecance fuel, 
the selected system is shown in Figure 


l-MAt xaitt 



s samtMMS 

lijb; rot'RCES {w;ai rot) 
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8F AXPLiriUt 
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1 SEAHFOIIXXDC KATXtX 
256 SECEIVLRS 
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Figure 4.- HRSMR - Selected system 7^.75 » x 7**-75 » waveguide array, l.I* GHz. 





The antenna array consists of 512 dual line sources. To reduce dispersion 
and resultant beam smear to acceptable levels, the line sources are divided 
into eight subarrays, each approKiaately 9.3^ » long. The line sources, 
oriented |arallel to the flight direction, consist of dual slotted 
waveguides. In order to acccasaodate dual waveguides for orthogonal, 
linear polarization and at the same time to mintain a »all spacing 
between waveguides for grating lobe suppression, it is necessary to use 
ridged waveguide. This results in smaller overall waveguide width arrf. 
allows an interlaced geometry as shown in Figure 5* In order to tilt the 
beam 2C^ forward frc» nadir, the entire array must be mechmaically 
biased by 9° frc»t the orbit tangent, ito prevent grating lobes in visi- 
ble space, the beam must not be tilted more than ll® electrical. The 
20® forward tilt is then acccmplished by a mechanical subarrsy tilt 
of 9 ° and an electrical beam tilt of 11® as shown in the figure. The 
discontinuities in the array aperture are corrected by an electrical 
compensation method. 






The success of the large aperture radiometer depends critically on a design 
approach and technique that will permit the maintenance of adequate dimen- 
sional tolerances, A rigorous analysis will he performed in the next 
phase of the study program. A preliminary analysis has been performed to 
define the various kinds of tolerances and their effects on performance 
and to determine boundaries within which the design must operate. The 
total tolerance can he conveniently broken up into four parts. Figure 6 
shows one suharray in its deformed state. The four component parts are: 
il) hz represents ths dislocation of the center of mass of the suharray 
from its nominal (X,Y) reference plane, (2) Aa represents the tilt angle 
of an ideal planar subarray, (3) dx represents a systematic bowing of the 
panel, and (i^) a represents the random distortion. 



Figiire 6.- HRSMR - Array tolerance definition. 
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Each ant-nna subarray is joined by bayonet Joints and supported every 9.3U n 
by graphite-epoxy truss work to provide increased stiffness, load stability 
and to provide support for the auxiliary systems nodule and for the distri- 
buted network of R F amplifiers, switches, hot and cold loads and transmis- 
sion lines. The truss work supporting the antenna is held in tension by 
a deployable boom (such as an Astronast) and cable system designed to 
control and reduce the array overall thermal distortion. Multi-layer 
insulation blankets cover the array for passive thermal control. The 
instrument is assembled from multiple shuttle payload deliveries to 
290 km altitude. The first flight will bring the system module and solar 
array, thus providing a controlled assembly platform. Subsequent shuttle 
loads contain the array* structure, amd SEPS hardware. The structure 
(truss work) is of a collapsible type with attachment Joints permitting 
EVA-assisted RJfS deployment and attachment including harness connection. 

The antenna arrays are stacked in the cargo bay ais shown in Figure 7. 


SHUTTLE 



TOTAL ARRAY AREA PER SHUTTLE: 
2 x 38 x 2.78Mx9M~ 1814M2 

Figure 7.- HRSMR - Packaging concept for dual waveguide planar array. 
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LSST CONTROLS 


The controls discussion will be presented by 3 speakers. First, 
the nature of the problem will be described in an attempt to 
establish a frame of reference for the more detailed reports to 
follow. Descriptions of the work that has been done at JPL and 
at Purdue under contract to JPL will be provided by G. Rodriguez 
and R. E. Skelton respectively. 


LSST CONTROLS 

• NATURE OF CONTRaS PROBLEMS 

• ADVANCED CONTROL CONCEPT DEVaOPMENT AT JPL 

• MODa ORDER REDUCTION WORK AT PURDUE 


314 



THE LSST CONTROLS PROBLEM 


The basic LSST Controls problem is simply one of nwieting the 
performance requirements in the face of very complicated 
vehicle characteristics. Some of the specific requirements 
might be pointing accuracy and stability, slew rate or perhaps 
surface contour accuracy. The complications include vehicle 
flexibility, imperfect knowledge of the structural character- 
istics, Disturbances and the fact that more surface accuracy 
is required than can be achieved passively. The next series 
of figures will address these factors individually. 

THE LSST CONTROLS PROBLEM 


• PROBLEM IS MEETING PERFORMANCE REQUIREMENTS - 

• STABILITY 

• POINTING ACCURACY 

• INSTRUMENT POINTING SLEW RATES 

• SURFACE OR FIGURE ACCURACY 

• IN THE FACE OF COMPLICATING VEHICLE CHARACTERISTICS 

• VEHICLE FLEXIBILITY AND SUBSYSTEM INTERACTIONS 

• LESS THAN PERFECT KNOWLEDGE OF STRUCTURAL DYNAMICS 

• DISTURBANCES RELATED TO LARGE VEHICLES 

• PASSIVE SURFACE OR FIGURE CONTROL MAY BE INADEQUATE 
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VEHICLE FLEXIBILITY 


The basic performance requirements such as slew rates and set- 
tling times determine the minimum control system bandwidth. If 
there are structural modes that are not within this bandwidth, 
they may pose a threat to meeting the performance requirements. 
Specifically, any uncontrolled motion at the base of an instrum- 
ent mount that is of a higher frequency than the bandwidth of 
the instrument mount control system will show up directly in 
the pointing of the instrument. The motion may be the result 
of structural modes excited by disturbances. The instrument 
mount control system bandwidth must be increased to control or 
compensate for this motion. 

VEHICLE FLEXIBILITY 


• PERFORMANCE REQUIREMENTS DETERMINE THE MINImuM CONTROL 
SYSTEM BANDWIDTH 

• STRUCTURAL MODES OUTSIDE THE CONTROL SYSTEM BANDWIDTH 
PRESENT A threat TO MEETING EXPERIMENT OR ANTENNA POINTING 
ACCURACY REQUIREMENTS 

• FOR EXAMPLE 


FIRST FRE 
BENDING MODE 

• POTENTIALLY EXCITED BY DISTURBANCES 

• THEREORE, TO INSURE SATISFYING PERFORMANCE REQUIREMENTS 
THE BANDWIDTH MAY HAVE TO BE OPENED TO INCLUDE MORE MODES 
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VEHICLE FLEXIBILITY (Ccmt'd) 

Increasing the bandwidth to include structural modes can only 
be dcme if stability can be guaranteed. Stability requires 
precise knowledge of the moticaii in each of the modes to be 
controlled. It also requires knowledge of the effect of ap- 
plying control on all of the modes . The measurements that 
are made on the spacecraft structures are of the conbined 
effect of the motion in all of the modes. An estimator is 
used to derive the required modal motion from the measurements. 
The estimator consists of an analytical model of the vehicle 
in which the modal motions are adjusted so that its overall 
response best correlates with the vehicle measurements . The 
modal motions that achieve this best correlation, are used as 
the estimates for the control process. It follows that these 
estimates will be in error and stability will be threatened 
by inadequacies of the analytical model. 

ViHICU FLEXIBILITY (conKlI 

• SIRUC11J8AL MOOES WHMW WE BANOWroiH Pf^ENT A THiEAT 

TO STABUTY 

• Pi€cisi mmmm of the motion in each mode is 

REQUIRED TC PIKIViDE DAMPING 

• •ttASUP.aeJTS RfflECT THE COMBWEO ftWTWN RESULTING 
vmm THE SIM OF ALL I. MODES 

• INDIVIDUAL MODAL MOTION INFORMATION IS DERIVED FROM 
AN ESTIMATOR BASED ON AN ANALYTICAL MODE OF B€ 

STRUCTURE 

• THE ANALYTICAL MODE IS ADJUSTED 10 MAKE THE MOOa 
OVERALL BEHAVIOR BEST CORRELATE WITH THE MEASUREMENTS 
OF TT€ SPACECRAFT - MODAL N»IK)N$ REQUIRED IN THE MODEL 
FOR THE “BEST CORRELATION” ARE THE "ESTIMATES" USED FOR 
ACTUAL CONTROL 

• ESTIMATES WILL BE IN ERROR AND STABILITY WILL BE THREATENED 
BY INADEQUACIES OF THE MODEL 



STRUCTURAL MODEL ERRORS 


The models used in the estlaatlOR process are in error by two 
factors: I) errors of fora or parameter values due to lack of 
knowledge and 2) modifications made to the model to make it 
practically implement able. The complexity and imtestability 
of very large structures create basic uncertainty of mode 
frequencies and shapes. The truncating process consists of 
selecting the modes to be retained in the estimator ax>del. 

The development of rational tnxication criteria is the sid>Ject 
of the work that will be reported on by R. E. Skelton. 


STRUCTURAL MODEL B^RORS 


• BASIC UNCERTAINTY OF MODE FREQUENCIES AND SHAPES 

• COMPLICATED DYNAMIC DESCRIPTION 

• UNTESTABUTY OF VEHICIE DYNAMICS 

• VARIABLE CONFIGURATION 

• MODa TRUNCATION TO PERMIT PRACTICAL CONTROL SYSTEM IMPLEMENTATION 

• USE OF A LIMITED SET OF ALL OF THE MODES FOR THE ESTIMATOR MOOa 

• DEVaOPMENT OF RATIONAL TRUfCATlON CRITERIA REQUIRED 
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DISTUR8ANCES 


Certain disturbance processes pose a greater problem to Lar|^ 
space structures than to current generation S/C just on the 
basis of the large dinensicms. Solar pressure, gravity 
gradiaat torques, and aerodynamic drag all have effects re- 
lated to size. Disturbance from thermal transients, onboard 
mechanisms and control interaction must also be accommodated. 


DISTURBANCES 


• LSS ARE SUBJECT TO DISTURBANCES THAT CAUSE MODAL DEFLECTIONS 
(INTERNAL AND EXTERNAL - MODELED AND IWMODELEW 

• THERMAL TRANSIENTS 

• THRUSTER FIRINGS AND MOMENTUM INTERCHANGE DEVICES 

• ON BOARD MECHANISMS 

• SOLAR PRESSURE 

• GRAVITY GRADIENTS 

• GRAVITY FIELD VARIATIONS 

• AERODYNAMIC DRAG 
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SURFACE OR FIGURE OOKTROL 

Distributed sensing may be required to determine the static 
shape with sufficient fi<teltty. In addition, if modal vibra- 
ti<ms are to be controlled, distributed sensors may provide 
informati<m not present at any single point and thus minimize 
estimation errors. Distributed actuation may be required to 
effect the geometric control required, idiile minimizing actu> 
ator size and conq>lexity. It is also unlikely that all of the 
modes to be ccmtrolled can be influenced at a single point. 

In cases where continuous hi^ accuracy figure control is re- 
quired, onboard, closed loop, distributed systems will be re- 
quired to c<mtrol the static shape as well as modal vibrations. 

SURFACE OR FIGURE CONTROL 

• DISTRIBUTED SENSING MAY BE REQUIREC TO MAKE NECESSARY MEASUREMENTS 

• STATIC SHAPE DETERMINATION 

• INFORMATION ON ALL PERTINENT MOOES MAY NOT BE AVAILABLE AT ANY 
ONE LOCATION 

• ESTIMATION ERROR REDUCED BY USING MORE SENSORS 

• DISTRIBUTED ACTUATION MAY BE REQUIRED TO ACHIEVE SHAPE ADJUSTMENT 

• REDUCE ACTUATOR SIZE AND STRUCTURAL STRESS CONCENTRATION 

• NOT ALL MOOES MAY BE CONTROLLABLE Af ANY GIVEN LOCATION 

• ON-BOARO CLOSED-LOOP SYSTEMS REQUIRED FOR MANY APPLICATIONS 
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SUMMARY OF I^ST CX>liTROL PROBLEMS 


Jtodal vibrations of... large space structures can preclude sat- 
isfaction of mission requirements. No means exists to 
directly measure the modal motion chat must be controlled. 
The motion must be estimted and the estimation process is 
imperfect. We need to improve it. If perfect knowledge 
of the aaoCion was available, no B^ans exists to influence 
the modes desired without affecting others in a possible 
deleterious way. The estimation and control inadequacies 
are interactive and must be addressed jointly by advanced 
concepts . 

SUMMARY OF LSST CONTROL PROBLEMS 


• NO OtRECT MEASUREMENTS AVAIUBLE OF MOTION TO BE CONTROLLED 

• MOTION MUST BE ESTIMATED 

• ERRORS ARE INHERENT IN ESTIMATION PROCESS 

• ADVANCED COICEPTS NEED DEVaOPMENT TO MINIMIZE ERRORS 

• EVEN AFTER KNOWLEDGE OF MOTION IS ESTABLISHED, CONTROL ACTUATORS 
CANNOT OIRECllY INFLUENCE THE MOTION TO BE CONTROaED 

• MOTION EXTENDS OVER URGE DIMENSIONS 

• CONTROL EFFORT MAY CAUSE UNDESIRABLE EXCITATIONS 

• AOVANCro CONCEPTS Wia MINIMIZE INTERACTIONS 

• ESTIMATION AND CONTROL PROBIBUS ARE INTERACTIVE AND COMPLICATE 
UCH OTHER 
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LARGE SPACE SYSTEM CONTROL TECHNOLOGY 
STATUS AND ACCOMPLISHMENTS 


G. Rodriguez 

Jet Propulsion Laboratory 


LSST 1ST ANNUAL TECHNICAL REVIEW 
November 7-8, 1979 


This is a report of technical progress made in FY'79 by JPL in the 
developmmt of control technology for the LSST program. The report was 
presented at the first Annual LSST Program Technical Review held at Langley 
Research Center (LaRC) on November 7 and 8, 1979. Although the report was 
prepared by G. Rodriguez and G.L. Parker, the progress reflects the collective 
efforts of R.S. Edmunds, S.M. Gunter, J.H. Juang, E. Kan, Y.H. Lin, 

D.B. Schaechter, and C.J. Weeks of JPL- 

The presentation includes topics which can be outlined as follows: 

1. A su’.BJiary of major objectives of FY'79 tasks 

2. A description of major results and accomplishments 

3. to outline of FY'80 planned developments 

4. A current documentation list reflecting accomplishments to date. 
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CONTROL TASKS OVERVIEW 


Basic technology developments were carried out in the areas of: 

1) distributed control to achieve precision attitude and shape control; 

2) model order reduction to find the best preflight dynamical models that 
retain the most significant vehicle dynamics in the controller design; 3) model 
error estimation to detect inevitable deficiencies in large structural dynami- 
cal models; and, 4) disturbance modeling to characterize the external environ- 
ment for parabolic reflectors. 

The applications for the basic technology are in the areas of antenna 
Ejodelin'’ and control and in the laboratory verification of selected concepts 
by means of a flexible-beam experiment demonstration. 


CONTROL TASKS OVERVIEW 


BASIC TECHNOLOGY 
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ACCOMPLISHMENTS 


1) In the area of antenna inodellng and control, preliminary structural 
models were defined for two representative parabolic reflectors. A control 
system design evolved for attitude control of the reflectors. The controller 
design was based on a lumped control concept where the control hardware 
(sensor and actuators) was mounted at the base of the antenna. 2) In the 
area of distributed control, static shape control techniques were worked out 
to establish a prescribed vehicle shape. The corresponding estimation process 
for determination of vehicle shape from selected sensor measurements was 
also developed. 3) A model order reduction study was conducted at Purdue 
University to find the best preflight dynamical models for on— board control- 
ler design. The objective of the study was to investigate (and initiate 
solution of) the problems caused by truncation of the vehicle dynamics 
required to minimize on-board computations. 4) Estimator designs were 
developed for on-board detection of large structure model errors. The model 
error estimators are a natural evolution of state estimation designs crucial 
to the success of recent JPL spacecraft. They would also constitute a founda- 
tion for development and eventual implementation of adaptive estimator 
concepts. 5) A study was conducted under contract to Lockheed for disturbance 
modeling of a 100-m diameter antenna in order to study the control/environment 
interactions. 6) An experimental (flexible-beam) facility was designed for 
verification of selected distributed control concepts. 


ACCOMPLISHMENTS 

• DEVELOPED PRELIMINARY STRUCTURAL MODELS AND CONTROL SYSTEM DESIGNS 
FOR ATTITUDE CONTROL OF PARABOLIC REFLECTORS 

• DEVELOPED STATIC SHAPE AND MODAL TECHNIQUES FOR DISTRIBUTED CONTROL 
OF LARGE SPACE SYSTEMS 

• CARRIED OUT A MODEL ORDER REDUCTION STUDY TO FIND THE BEST PRE-FLIGHT 
DYNAMICAL MODELS FOR CONTROL SYSTEM DESIGN 

• DESIGNED MODEL ERROR ESTIMATORS FOR ONBOARD DETECTION OF INEVITABLE 
DEFICIENCIES IN LARGE STRUCTURE DYNAMICAL MODELS 

• DEVELOPED DISTURBANCE MODELS OF A 100-m PARABOLIC REFLECTOR IN LOW- 
EARTH ORBIT TO STUDY CONTROL/ENVIRONMENT INTERACTIONS 

• DESIGNED EXPERIMENTAL FACILITY FOR VERIFICATION OF SELECTED 
DISTRIBUTED CONTROL CONCEPTS 
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iUNTENM COWROE 

simmi OF risdits 


Flnite-elanettt atodela were developed by O.T» OesForges at; JFR 
coaslscent with twj aatemas: a 30-w precisioa deployable design and a 

I00~a aesh deployable concept. Attitude and surface accuracy iefiaitlons 
were established in terais of structural data In order to allow computation of 
control perforataace. Prellalnary control desipis were developed based on a 
limped control concept. Initial performance asses«eats based on the laaped 
control concept indicate that a wore detailed model Is required in order to 
detemlne If accuracy requirements can be satisfied with this concept. An 
assesa^t of the neai for active surface control will be under investigation 
In Ff'80. the disturbance modeling results will provide a tool for assessing 
the effects of dynamic ' external environment on the control perlosmance. 


ANTENNA CONTROL 
SUMMARY OF RESULTS 


•FINI1E-€l£MENT AND MODAL NMDELS OBTAINED FOR PARABOLIC 
REFlfCTORS 

•30m PRECISION KPLOYABLE 
•lOOmMESH-OEPLOYABlE 

•ATTITUDE AND SURFACE ACCURACY DEFINITIONS ESTABLISHED 
IN TERMS OF STRUCTURAL DATA 

• PRELIMINARY CONTRA DESIGN AND PERFORMANCE RESULTS 
DEVELOPED 


•DISTURBANCE MODELING STUDY INITIATED 



DISTRIBUTED CONTROL CONCEPTS 


A distributed control system configuration is illustrated in the figure. 

In such a control system, sensor measurements of the vehicle deflections are 
processed by an on-board (possibly decentralized) computer that transmits 
commands to actuators in order to provide stability and control of the 
vehicle dynamics. A full-blow closed-loop distributed system as displayed 
in the figure may be required only in the most demanding applications. 

However, distributed estimation will be required in most large structures (even 
the earliest shuttle-based experiment) in order to establish the actual 
inflight dynamics and control/structure interactions. Consequently, an area of 
intensive study at JPL is that of estimation for distributed systems and its 
application to large structure control. The estimators detect both the 
quasi-static vehicle motions and the dynamics of the structure vibrational 
modes. 


DisTRiiUTiii mmmm 

CONCEPTS 



• DismiBuno nmim siruoures involves multi - smtioN msm, 

/UmMTION AND CORRE(mON TO MAINTAIN SHAH 

• SHAPE QEIERMINATION AND ADJUSTMENT BASED ON OHRIND COMMAIffi REQUIRED IN MOST 
APPLICATIONS 

• ON-BOARD ClfiSED-lOOP SYSTEM REQUIRED TO ACHIEVE MICH PIKCISION SURFACE ACCURACY 
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DISTRIBUTED CONTROL 
SUT#1ARY OF RESULTS TO DATE 

1) There are three fundamental options for distributed control system design 
models: partial differential equations, finite-element and modal models. 

There are substantial differences in the control systems resulting from these 
three approaches. The partial differential equation approach is very useful 
for early control concept design because it can be obtained without a full- 
blown analysis of the vehicle dynamics. Consequently, such continuum models 
can be used to study control-related problems that may otherwise be masked by 
model complexities. The modal approach has the advantage that it retains the 
physical insight gained by studying the vehicle dynamics in terms of the 
natural modes of the system. The finite-element models lead to localized 
controllers where each actuator command depends only on adjoining sensor 
measurements. An evaluation of each of these approaches is currently under 
investigation. 2) A fundamental problem in large structure control is that of 
achieving a prescribed vehicle shape and of establishing shape knowledge based 
on measurements of the structural deflections. Problems formulated and solved 
in FY’79 are those of static shape determination and control. In the area of 
shape estimation, the technique used to achieve the shape reconstruction 
process is based on the principle of least-squares that minimizes the errors 
in the system model. A general solution for estimation of distributed parameter 
systems has been worked out and applied to a flexible-beam structural model. 

The corresponding solutions for static shape control have also been established. 
3) In the area of dynamic shape determination and control, analytical criteria 
for sensor/actuator placement have been established and applied in the estima- 
tion of a single large structure vibrational model. 

DISTRIBUTED CONTROL 
SUMMARY OF RESULTS TO DATE 

• M00ai«d OPTIONS FOR CONTROL SYSTEM DESIGN 

• CONTROL AND ESTIWJ 3N SClfMES KVaOPED BASED ON 
CONTINUOUS AWKLS 

• MODAL CONTROL AND SPILLOVER INVESTIGATED 

— ► • LOCAL OISTRI BUTEO CONTROL SYSTEMS DESIGNED FOR 
BEAM-LIKE STRUCTURES 

► • STATIC SHAPE DETERMINATION AND CONTROL 

• If AST-SQUARES SOLUTION ESTABLISHED 

• APPLICATION TO FlfXIBlf BEAM-LIKE STRUCTURE 

• FEEDBACK SOLUTIONS FOR STATIC SHAPE CONTROL 

• DYNAMIC SHAPE DETERMINATION/ESTiMATION 
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• SENSOR/ACTUATOR PLACEMENT 

• ESTIMATION OF A SINGLE LARGE STRUCTURE 
VIBRATIONAL MODE 



LOCAL CONTROL BASED ON FINITE ELEMENTS 


Finite-element analysis is cur»*ently the most widely used technique to 
study the dynamics of flexible space structures. The finite-element method 
is so versatile and generally applicable that general purpose computer 
program packages (e.g. NASTRAN, SPAR, etc.) based on this method solve an 
almost limitless variety of problems in structural mechanics. A finite-element 
model for an undamped flexible structure typically results in a set of dynamic 
equations of the form shown in the viewgraph. This set of equations is 
normally used to set up an algebraic eigenvalue problem whose solution produces 
the natural frequencies and modes of the vehicle. The resulting eigenvalue 
problem can be solved very efficiently by making optimum use of the inherent 
sparsity and bandedness of the matrices in the foregoing formulation. 

A uniquely original idea introduced by D.B. Schaechter at JPL (see Ref. 1) 
is to make similar use of the highly structured format of the mass/stiffness 
matrices in the finite-element formulation in order to obtain distributed 
control designs. This design approach leads to localized estimators/controllers 
where control inputs at any given location are based only on adjoining sensor 
measurements. This approach takes full advantage of matrix sparsity in order 
to minimize storage requirements and on-board computations. The local control 
scheme has proved to be a most promising method for control system design 
when compared with various other schemes (e.g. modal control) in a represen- 
tative simplified structure (Ref. 2). 

LOCAL CONTROL BASED ON 
RNITE ELEMENTS 
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STATIC SHAPE CONTROL 


The viewgraph illustrates basic developments in the araa of static shape 
control where the objective is to achieve a prescribed vehicle shape. The 
results obtained (Ref. 3) are sufficiently general to be applicable to a 
large class of space systems. The figure shows only the application to a 
one-Jimensional elastic structure. Two plots are displayed in the figure 
corresponding respectively to deflection and control inputs. The prescribed 
or commanded shape is a parabola. The objective of the control scheme is to 
bring the actual structural shape to a configuration that best approximates 
In a least-squares sense the specified parabola. The resulting control forces 
that cause the required vehicle deflection are shown in the upper plot in the 
viewgraph. Current efforts are directed at the extension of the foregoing 
results to two dimensional configurations. 


STATIC SHAPE CONTROL 
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MODEL ORDER REDUCTION 

PtOBUH STATMWT 

Modeling for controller design is widely recognized as a major and as yet 
unsolved problem in achieving precision attitude and shape control. Me to 
size and flexibility (and the resulting limitations of pre-flight model 
verifications), a great potential exists for errors in the dynamical models 
for large structures- In addition, the imsdels used for controller design will 
be at best reduced-order representations of the structure because 1) large 
structures are infinite-dimensional systaas that cannot be characterized fully 
by any finite-dimensional model and 2) model order reduction is required to 
minimize on-bocrd computations. 

The modeling process consists of a number of im>del order reduction stages. 

The actual large space system corresponding to the left block in the viewgrapb 
Is characterized by an infinite number of dimensions and uncertain physical 
effects. An, evaluation model Is usually developed based on linearized equa- 
tions and on a finite-element or modal description of the structure. This 
evaluation model is used for verification of control system design. In order 
to obtain the controller iKNdel, a further stage of model reduction has to be 
carried out. 

MOOa ORtm REDUCTION 
PROBLEM STATEMBIT 


URGE SPACE SYSWM 



• UR^ SIRIWlUi^a m INFINIIE'DIMENSIGNAL SYSTEMS HMf CMMOf 
KC0MPt£!EL MODEiEO 


• MOOa ORDER REDUCTION IS REQUIRED 10 MINIMIZE ON-NARD COMPUTATIONS 
AND IMPIEMENTATION COMPIfiCITY 
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MODEL ORDER RlDUCTIMi 


The (oodiel order reduction study was carried out under contract to Purdue 
University. The study %as initiated by first selecting a generic large 
structure to illustrate the basic technology developoents in raodel reduction. 

A number of reduction methods were investigated and a co«^aratlve evaluation 
cf ?elected c.etl»ods carried out. The method chosen for further investigation 
is a so-f- led modal cost analysis tecimique that tailors reduced-order models 
to the tcv.ua! c. ntrol inputs. Current efforts are directed toward application 
of the methcrt of nodal cost analysis to the generic large structure. A more 
detailed description of the foregoing results is contained in a subsequent 
presentation by 8-E. Skelton of Purdue University. 


MODEL ORDER REDUCTION 


• fXVELOP MCNXL QmR INDUCTION MPHOOS m KEDMXO<€ROCR mmOHm 
DESIGN 

• S1UDY METHODS FDR MMiailNSOYliUNICALSysmSiWOESmaiS^ 
SE1£CTI0N CRITERIA 10 CHOOSE TYPES OF MMKS TO REmiN IN THE 
CON1ROUER DESIGN 

• mEm STABILITY. CONHHMIABILIIY AND OBSERVABILIW PROPERTIES 
OF DYNAMICAL SYSTEMS DESCRIBED BY LINEAR MATRIX SECC3NDTORDER 
SYSTEMS 

• SELECT A GENERIC SPACE STRUCTURE TO BE USED FOR WMRICAL 
laUSTRATION 

• SWMARIZE SELECTED MOOa REmiCTTON METHODS AND CUSSIFY METHODS 
ACCORDING TO THEIR SUITABILITY F(XT THE GENERIC URGE STRUCTURE 

• INVESTIGATE THE METITOD OF ITERACTIVE MOOa REDUCTION WITH COST- 
SENSITIVE FORCED MOOES TO TAILOR I^OINXO-ORDER MODEIS TO miMAL 
CONTROL INPUTS 

« SI€CIAL1ZE THE THEORY OF COST-SENSITIVE MOOa REDUCTION METHODS TO 
LINEAR MATRIX - ^COND-ORDER SYSTEMS 

• PERFCXTM COMPARATIVE EVALUATION OF SELECTED MOOa (mOER REDUCTION 
METHODS TO GENERIC URGE STRUCTURE 
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WDEL ERRUR ESTIMATION 

Inflight estimation of large structure model errors will ha\e to be 
carried out in order to detect inevitable deficiencies in large structure 
estimator models. The models used for controller design will be at best 
reduced-order representations of the structure because 1) large strut tures 
are infinite-dimensional systems that cannot be characterized fully by any 
finite-dimensional model and, 2) moael order r«iduction is required to minimize 
on-board computations. Inherent in a reduced-order model are so— called model 
errors due to four maior sources: external disturbances, paramete; uncertain- 

ties, neglected non linearities and truncated dNaiamics. A formulation for on- 
board model error estimation based tui the principle of least-squares is 
ctmCained in Ref. 4. The technology base used as foundation to carry out the 
developments consisted of 1) modeling for dynamics and control of flexible 
aultibody systems, and 2) state estimators critical to recent JPl. spacecraft 
designs. This technology has been found to be essential to ail highly flexible 
and interactive spacecraft. Continued intensive developments in this area 
could provide an opportunity to have a significant impact on the Calileo 
attitude estimator design. 

The process of taodel error estimation is illustrated in the next three 

vievgraphs- 

MODEL ERROR ESTIMATION 


PURroSE 

• DESIGN ESTIMATORS CAPABIE OF ON-BOARD DE1ECTIONOF 
INEVITAME DEFICIENCIES IN URGE STRUCTURE DYNAMICAL 
MODELS 

EXISTING TECHNOLOGY BASE 

• STATE ESTIMATION TECHNOLOGY CRITICAL TO VIKING. VOYAGER. 
AND GALIIEO CONTROL PERFORMANCE 

• TECHNOLOGY IS ESSENTIAL FOR HIGHLY FlEXI BIE AND 
INTERACTIVE SPACECRAFT 


• CONTINUED INTENSIVE DEVELOPMENTS WILL PROVIDE OPPORTUNITY 
TO IMPACT GALIIEO ATTITUDE ESTIMATOR DESIGN 
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ILLUSTRATION OF MODEL ERRf/R l^TIMATl(»5 


A representative vehicle is fonsed by tvo rigid elements joined at a 
s ingle-degree-of-f reedoa hinge. A perfectly acceptable reduced-order isodei 
for this configuration vould be the linear single-axis equations for rotational 
notion of a rigid body. In fact, such an approximation was used in the flight- 
tested Voyager e%ti»ator design, however, the selection of this single-body 
aodel for the r^Rj-eleoeat configuration implies the unavoidable presence of 
model errors in the characterization of the vehicle dynamics. The isodel errors 
are due to four najor sources as illustrated in the viewgraph. The asodel errors 
can hoiimver be lumped and represented in the dynamical model as the variables 
u and n appearing as forcing terms in the aodel equations. The objective of 
model error estimation is to estimate these terms in addition to providing 
estimates of the state <i.e. , angular nositiem and velocity) of the system. 

The data required to achieve the estimatitm process consists of measurements 
of the angular orientation of the vehicle with respect to a celestial 
reference. 


lUUSTtATION OF MCNIEL HlllOt ESTIMATION 
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IITFLIGHT J«»EL EElcOR ESTIMTICm 

Escimtioi* ot the inflight dynaMlcs ot a flexible spacecraft Is shewn in 
the figure. The plots correspond respectively to aagulsr position, velocity 
and estiaate^ aodel error as functions of tiae. The available n^asureaents to 
achieve the required state-variable reconstruction consist of saasples of the 
angular position at the discrete instants in tlae {see top plot) . The data 
used in the plots corresponds to an actual JPL spacecraft foraed by a central 
rigid bus anni an articulated subassembly. The spacecraft dynavi»-S can 
therefore be represented by the two-element configuration described previously 
in this presentation. The estimation process was however based on a single- 
rigid-body aodel- Consequently, the truncatea suhass^»bly asotion is reflected 
as equivalent torques (model errors) in the reduceo-order model. The model 
error estimates shown in the bottom plot very clearly indicate the presence 
of the truncated mot ion . Such a model error estimation concept can thereiure 
be used to detect the preseiice of unmodeied vehicle dynamics. The application 
of this approach to distributed systems is cut rant ly und?r investigation. A 
sum m ary of current results is reported in Ref. 4. 

IHFLIuHr HOnEl ERROR ESTIHATIOR 





TIME INTERVAL lOO-t 
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FLEXIBLE BEAM CONTROL OBJECTIVES 


The objectives of hardware demonstration using a flexible beam as the 
**latge space structure" (LSS) are to demonstrate active static and dynamic 
shape control in a real or near-real environment, on which basis our mathe- 
marical analysis and sijwulation are lO be verified- This danonstrat ion also 
provides a test-bed to further development on mechanization and on sensors and 
actuators- 

Not only will the demonstration validate the theoretical analysis but it 
will bring insight into possible problems in integration and mechanization of 
the control of LSS, Model inefficiencies, spillover of control or observation, 
real-world computation limitation and other deficiencies could be detected that 
will shed light to better and more robust control law and syst«® model design. 
Such a scaled model den»nstratlon is deemed indispensible as a precursor to 
full-scaled space dessionstration. 


LSS FLEXIBLE BEAM CONTROL DEMONSTRATION 

OBJECTIVES 


• TO DEMONSTRATE ACTIVE STATIC SHAPE CONTROL 

• TO DEMONSTRATE ACAVE DYNAMIC SHAPE CONTROL, 
l.t., DISTURBANCE DAMPING AND SHAPE CONTROL 

• TO FURTHER OEVaOP AND TO PROVIDE TEST-BED FOR TESTING 
SENSORS AND ACTUATORS 

• TO AUGMENT AND TO VERIFY MATHEMATICAL ANALYSIS AND 
SIMULATION S«.UTIONS UNDER REAL OR NEAR-REAL ENVIRONMENT 
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FLEXIBLE COKI«OL liSTlItliWAflOi 


There are €«or major categories in the instr«entar£on of the he» 
control dasKHistration: (1) fleKtble beam, (2) actuator, sensof and electron- 
ics, (3) digital controller (data processor), and (4) support facilities. 

The 1/32" K 6" x 12* heaa is made of stainless steel. It is hung verti- 
cally, hinged at the top and free at the bottOTi. It has a fundaBental 
frequency, i.e. pendulua rigid-body aode, at 0.3 H2. Multiple actuators and 
sensors, with variable location along the beaa, are planned. Current configu- 
ration has 3 actuators and 4 sensors. Static shape c<«trol and multiple mode 
f;^8) dynaaic control can be it^leBented. The actuators and sensors are all 
off-the-shelf items, the fomer being d.c. brushless torque motors and the 
latter eddy current displacement sensors. FT *19 accomplishments Include the 
establishment of the facility; procurement, fabrication and integration of 
the hardware; software development on the microcomputer to perform static 
and dynamic shape control: and preliminary experimentation of the control 
of the beaa. Mith the present set up, various control laws can be tested, 
such as full-state optimal control, local-state control, and adaptive 
control. Optimal combination and placement of actuators and sensors can be 
experimented. Itddel order reduction and estimation can be investigated using 
the present facility. 

ISS FUXIBLI BEAM CONTROL DEMONSTRATION 
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FY*80 PLANNED DEVELOPMENTS 


The direction for the FY*80 JPL LSST Controls Prograa is to characterize, 
define and initiate solution of the control problems for specific platforms 
(small science platforms and large imaltiple payload platforms) and for parabolic 
reflectors. 

The specific tasks to be implemented are tabulated below; 

Control of Science Application Platforms 
Control of Large Multiple-Payload Platforms 
Control of Large Parabolic Reflectors 
Analysis and Simulation 

Justification of these tasks results from the fact that it is necessary to 
investigate in detail the performance and stability of specific platforms and 
antennas in order to achieve an integrated structure and control design 
approach. The control/structure/performance interaction must be defined and 
understood in order to develop technology to assure control mechanizations 
which will accommodate these systems- The specific output of these tasks will 
be to define and illustrate parametrically control problems and to identify 
the technology developments necessary to enable subsequent missions. 

FY 80 PLANNED DEVELOPMENTS 


• PROVIDE A QUALITATIVE DEFINITION OF CONTRa PROBLEMS FOR A SCIENCE 
APPLICATIONS PLATFORM. A MULTIPLE PAYLOAD PLATFORM AND A 
PARABOLIC REFLECTOR 

• CARRY OUT A COMPARATIVE EVALUATION BETWEN DISTRIBUTED AND 
LUMPED CONTROL CONCEPTS 

• CARRY OUT PARAMETRIC CONTROL PERFORMANCE STUDIES FOR PUTFORMS 
AND PARABOLIC REFLECTORS 

« PERFORM A MODEL ORDER REDUCTION STUDY TO IDENTIFY AND ILLUSTRATE 
PARAMETRICALLY CONTROL PROBLEMS CAUSED BY INEVITABLE MODEL 
ERRORS 

• INVESTIGATE PLATFORM CONTROL PROBLEMS CAUSED BY SENSOR AND 
ACTUATOR SEPARATION BY aEXIBLE STRUCTURAL ELEMENTS 
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DOCUMENTATION 


Most of the results obtained to date in the JPL control technology 
development program have been documented. A total of 6 technical conference 
papers have been presented. The Purdue contract has produced 5 reports in 
the area of model order reduction. A number of internal JPL reports provide 
a less formal but nonetheless substantial record of accomplishments to date. 
This documentation Is available from JPL upon request. 
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LARGE SPACE SYSTEM CONTROL TECHNOLOGY 
MODEL ORDER REDUCTION STUDY 

R. E. Skelton 
Purdue University 


LSST 1ST ANNUAL TECHNICAL REVIEW 


November 7-8, 1979 


This is a report on the model order reduction for large space structures 
performed under contract to JPL by Purdue Lniversity with R. E. Skelton as 
Principal Investigator. The main objective of the contract is to find the 
best pre-flight dynamical models for large structures and thereby retain the 
most significant vehicle dynamics in the controller designs. 
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MISSION CONTROL REQOTREMENTS 


Large structures have to satisfy a wide range of mission control 
requiremaits including pointing and shape control. Specific missions with 
these require»*eajts may include platforms and large antennas. 


MISSION CONTROL REQUIREMENTS 


• POINTING CONTROL 

• SHAPE CONTROL 
• ANTENNAS 


PLATFORMS 



PROBLEMS OF ACTIVE COHTROL OF 
LARGE STRUCTURES IN SPACE 


One of the oaln problems in active control of large structures in 
space is that the cjntrolier designs require accurate models to represent 
the structure dynamic response. Present models obtained typically by means 
of ^ finite-element acalysis of the structural dynamics are not sufficiently 
accurate as a result of four classes of errors: parameter uncertainties, 

nonlinearities, neglected variables and external disturbances. In addition 
the process of model order reduction must be cariied out in order to 
satisfy on-board aeoKJry and speed ccmputational requirments. 


PROBLBViS OF AaiVE CONTROL OF 
LARGE STRUaURES IN SPACE 


• CONTROL DESIGN REQUIl€S ACCURATE MODEL 

• PRESENT MATHEMATICAL MODELS NOT ACCURATE ENOUGH 

• PARAMETER ERROR 

• NONLINEARITIES 

• NEGLECTED VARIABLES 

• LIMITATIONS OF ON-BOARD DIGITAL COMPUTERS 

• MEMORY 

• SPEED 
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PURDUE MODEL 

An Equivalent Distributed Parameter Model of Truss Structure 

In order to study the process of aod«>l order reduction a generic 
model has been selected Chat contains most of the features important 
in the modeling and control problem for large structures. The model 
consists of a rectangular array that is an equivalent distributed model 
of a truss structure. The continuum model Is easier to work with as it 
does not require the complexities of a more detailed numerical model 
that nay tend to conceal the control-related problems. In the center 
of the model is an articulated rigid body representing possibly a payload 
that mst be pointed to a higher degree of precision than the remainder 
of the structure. This asodel has been used to study the problem of 
model order reduction for large structures. The results obtained, 
however, are applicable tc a wide range of large structures and are not 
limited to the selected model. 

PURDUE MODEL 

AN EQUIVALENT OISTIUSUTED PAKAMETER MODEL OF 

TRUSS STRUaURE 
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COHTROt/STRUCTURE TRADEOFF 


A fundaoental tradeoff mst be made in developing an integrated 
control/structure design. Control can either be achieved by neans of 
nore software resulting in a lightweight structure or with less software 
and a heavier structure. One of the results of this study is to provide 
the necessary methods to perform this tradeoff s>stematically. 


CONTROL/STRUCTURE TRADEOFF 



• MORE CONTROL HARDWARE, SOFTWARE (LESS ROBUST^ 

• LIGHTWEIGHT STRUCTURE 



• LITTLE CONTROL HARDWARE, SOFTWARE (ROBUST) 
•HEAVY STRUCTURE 


347 



DESIGN & CONTROL ANALYSIS 

The desired interaction between structure and control design Is 
displayed in the viewgraph. The objective is to select the critical 
modes in order to modify the model and the structure and thereby achieve 
integrated design. 


DESIRED INTERAaiON BETWEEN STRUCTURE 
DESIGN & CONTROL ANALYSIS 


STRUCTURE 

DISIC^ 


MODIFY 

MODEL 


CONTROL 

DESIGN 


I MODIFY 
! STRUCTURE 


IDENTIFY 

CRITICAL 

MOOES 




CONTROL STUDY OBJECTIVES 


The control study objectives are to suggest desired dynaaric structure 
properties for improved performance and reduced weight. An example of 
these properties may be the selection of modes that may be damped by 
introducing passive damping in certain parts of the structure. 


CONTROL STUDY OBJEaiVES 


• SUGGEST DESIRED DYNAMIC STRUCTURE PROPERTIES FOR 

• IMPROVED PERFORMANCE 

• REDUCED WEIGHT 
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SEiECTIO'S OF DYNAMICAL MODEL 


A number of options exist for dynamical BKjdeling of large structures. 
The modes selected can be: 1) appendage modes corresponding to the 

dynamics of Jndividual appendages, 2) spacecraft modes for the overall 
vehicle dynamic response, 3) open-loop system modes that include also 
the djmaMics of certain elements in the control system, and 4) closed-loop 
system modes that model the overall system including structure, control 
and the dynamics of the feedback controllers. The selection is very much 
dependent upon the configuration. The closed-loop system modes tend 
to retain the most significant dynamics when the structure is in its 
operational state. 


SELEaiON OF DYNAMICAL MODEL 
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PURDUE KODEL 


The figure shows a plot of iw>del completeness todex versus the 
number of modes retained for the Purdue at^el. The model completeness 
index gives an indication of the degree of fidelity of a particular modal 
model with respect to the continuum model which is assumed to be the 
exact representation of the vehicle dynamics. As more modes are retained, 
the models become more accurate. A comparison between constrained and 
unconstrained »des reveals that fewer constrained modes have to be 
retained in order to obtain a specified wjdel completeness. 

PURDUE MODEL 



■LOO 
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MODAL GOST ANALYSIS 


COMPONENT COSTS 

The method currently under study for model order reduction is modal 
cost analysis where a so-called cost is associated to each mode. This 
cost reflects the contribution of each mode to the overall system per- 
formance. The component value criterion indicates that the most criti- 
cal nwdes are the ones with the largest cost. Conversely, the least 
critical components have the lowest modal cost. 


MODAL COST ANALYSIS 

COMPON04T COSTS V- 
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ACTUATOR LOCATIONS CONTROLLABlLm’ SURFACE 

In a distributed system, actuator locations are an additional degree- 
of-freedom in the controller design. A good selection of actuator number 
and location can lead to improved system performance. A poor selection can 
at worst lead to overall system instability. The model order selection 
study also provides criteria for actuator placemen s. The viewgraph 
shows a so-called controllability surface for the seventh mode of the 
Purdue model. These actuator locations where the surface is a maximum are 
where that particular mode is most strongly af fee red by the control inputs. 
The points where the surface is zero correspond to locations where the 
mode is uncontrollable. 


AaUATOR LOCATIONS 
CONTROLLABILITY SURFACE 


SEVINTH MODE 

TWO TORQUE AOUATORS COINCIDENT AT Oy)] 
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SENSOR LOCATIONS OBSERVABILITY SURFACE 


A similar surface can be used for sensor location. The points where 
the surface is a maximum correspond to sensor locations where the 
particular mode is roost observable by the sensors. Similarly, the points 
where the surface is zero are those where the mode cannot be observed 
by means of the sensor measurements. 


SENSOR LOCATIONS 
OBSERVABIUTY SURFACE 

EIGHTH MODE 


[two orthogonal attitude sensors on R, 

PLUS ELASTIC DEFLEOION AT (s^, j^) 1 
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ATTITUDE CONTROL 
Modal Cost Analysis 

The vievgraph displays results of the application of the technique 
of DH3dal cost analysis to the problem of attitude control to the Purdue 
model. By assigning a cost to each individual mode, those modes that 
have the nrost effect on the control/structure perfor-nance can be selected. 
The modes with the highest cost are the most important in the control 
system design and should be retained. Those modes with the lowest cost 
have little Influence on the control performance and are therefore the 
likeliest candidates for elimination in the controller design. 


AHITUDE CONTROL 

MODAL COST ANALYSIS 
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SHAPE CONTROL 
Modal Cost Analysis 

The viewgraph shows results of the application of the modal cost 
analysis to the problem of shape control for the Purdue model. By 
establishing a relative ranking of the modes in terms of their effect 
on control performance, the most significant modes can be extracted and 
used in the controller design. 


SHAPI CONTROL 

MODAL COST ANALYSIS 
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MODEL ERROR VS. CONTROL OBJECTIVE 


The plot shows the model error as a result of using an approximate 
taodel. As the model order is increased, the model error is redu. d In 
all cases. The plot corresponding to shape control has a large lue 
for a given model order. This indicates that more modes have to i»e 
retained in order to achieve a prescribed fidelity for the shape control 
problem. Fewer modes have to be tetained if attitude control is the 
desired objective. 


MODEL ERROR VS. 
CONTROL OBJEaiVE 



MODEL ORDER 
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LSST CONTROLS OVERVIEW 

LaRC — FY 79 

0 MOKLING AND CONTROL Of LSS IN ORBIT 
0 REDUCED ORDER DECOUPLING 
0 SHAPE CONTROL 

0 ATTITUDE CONTROL W LARGE PLATrORMS USING 
DUAL AMCD's 

0 ADAPTIVE CCMRa W SPINNING RING 
0 LEARNING CONTROL FOR SEP SHUTTLE 

Slide 1 
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As Indicated in slide 2 math models have been developed for various types 
of large flexible structures. Tnese models are being used to study the 
uncontrolled dynamic characteristics of the structures in orbit and to 
devise control concepts in order to control their orientation and 
geometrical shape. 

Studies have been made for reduced order decoupled control of the 100-meter 
long free free beam depicted in slide 3. The objective is to control the 
in-plane orientation and shape of the beam in a decoupled manner with as 
few actuators as possible. 

Slide 4 illustrates the type of results that are generally obtained when 
the number of actuators is less than the number of modes considered in the 
model . Using two controllers, near each end of the beam, to produce a 
0.01-radian pitch change, perfect decoupled control is achieved for the 
rigid body pitch (0) mode and the first flexible mode {A,}. However, the 
other two flexible modes cannot generally be included in^the decoupling 
process and hence cannot be controlled. 

For a special case where the ratios between the rows of the control - 
influence coefficient matrix are the same {for exasple, when the controls 
are exactly at both ends of the beam) the uncontrolled modes can be 
included in the decoupling process . Based on information obtained from 
this special case, a method (referred to as the ratio method) has been 
developed for adjusting the feedback gains required for control of the 
complete model . Slide 5 shows the results for the example in slide 4 
where these gain adjustments have been made. Almost perfect decoupling 
is maintained for 9 and A and, except for some initial effects , the 
other two modes are controlled. 

Slide 6 illustrates a typical result of the minor effect of modeling 
errors on the decoupling process. In this case incorrect knowledge of 
the control characteristics was represented by incorporating random 
errors of either +5 or + 10 percent in the control influence coefficients. 
The solid curves correspond to the condition where no errors are present. 
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THE imiAMICS AND CONTROL OF LARGE 
FLEXIBLE SrmE STRUCTURES 

THRUST - DEVELOP MATH MOMLS 

INVESTIGA1E UNCONTROUfD DYNAMIC CHARACTERISTICS 
DEVISE CONTROL LAWS FOR: ORIENTATION, GEOMETRICAL SHAPE 

STATUS - LONG THIN FREE-fRE BEAM 

CIRCULAR AND RECTAN6UWR MEMBRANE 
CIRCUUR AND RECTANGULAR PLATE 

FUTURE - SPHERICAL AND PARAB«.IC SHELL 

Slide 2 

DECOUPLING STUDIES 



3i2 




GAIN ADJUSTMENT USN6 RATIO METHOD 


X to-* 



Htho. ate Time, see 


Slide 5 
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As Indicated in slide 7 for shape control three classes of control devices 
are being considered, boundary control , distributed actuator control, and 
wave speed control. 


Slide 8 is an outline of the tiine optimal control theory for a string 
using boundary control and slide 9 is a simulation result. In slide 9, the 
waves which appear to build up are a result of truncation of the infinite 
number of system modes to 80 for simulation. The result indicates that some 
approach other than nodal analysis Is needed for real time structural control . 


SHAE mm EsmcH 



0 SmUAR TO ELECTROSTATIC EMBRAWE CONTROL BUT SIMPLER VERSION 

0 THREE DISTINCT CONTROL PROBLEMS- 
CD BOUNDARY CONTROL 

C2) DISTRIBUTED ACTUATOR CONTROL 

C5) WAVE SPEED CONTROL 

Slide 7 
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■QUNDAfiy CONmO. 


PIANM VIWAnOMS OF A STKMC 
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Slide 8 


MINIMUM TIME CONTROL IMPLEMENTATION WITH 80 MOOES 



Slide 9 
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Slide 10 concerns the distributed control of a membrane using electro- 
static actuators. An optimal control theory has been derived that minimizes 
the error, 2, between the desired and actual deflection yet considers the 
amount of control, U, required to accomplish an error reduction. Slide 11 
indicates the fom of the graphical output used in simulation to indicate the 
membrane distortion and the position of the actuators behind the membrane. 

It also shows the initial membrane distortion used in a simulation to test the 
control law. Slides 12 through 15 represent the meittorane distortion at ever 
increasing times and show the dan^jing effect of the control laws. 


DISTRIBUTED ACTUATION 
ACTIVE CONTRg OF A IWBUBRANE 

EQUATION OF MOTiON: 
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WERE 

Ai • - aiid c • Vfyi 
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Slide 10 


367 










370 


Slide 16 Indicated an attitude control concept appropriate for large area 
platforms. Two large rings spin in the plane of the platform and are scisso*”ed 
to produce a change in momentum that rotates the platform. The rings are 
attached to the platform by Tnoncontacting magnetic or electrostatic bearings. 
Because of flexibility a novel adapt! ve/learning control system concept was 
developed to suppress elastic marks of the spinning rings while still allowing 
adequate precisional torques for control. 

Slide 17 illustrates the free vibration of the ring as seen by an observer 
that is spinning with he ring. Points Indicated by an * represent where 
position is sensed b^ sensors located at fixed points on the platform. The 
syAol + indicates the application of a force at a bearing fixed to the plat- 
form. Slide 18 shows the response of the ring caused by a constant force of 
20 N at a bearing station. 

Slide 19 shows a desirable ring damping characteristic which requires 
feedback and knowledge of the modes of motion to achieve. 

Slide 20 shows what can happen if the control system is designed with 
the wrong assumption regarding the modes of motion. In this case the motion 
does not decay but rather amplifies. 

Slide 21 indicates the effectiveness of an adaptive controller. The 
control system was initially that used in figure 20 which was unstable. 

Because of the adaptive feature, however, the system identified the required 
modal information and adjusted the feedback gains to obtain a stable response. 

DUAL - MOMENTUM - VECTOR CONTROL CONCEPT 



COOOL OEVICEFOH 
Lf»HGE PlrtlPORiviS 

• StaOOTH, DISTRIBUTED 
CONTROL FORlE 

Slide 16 
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ADAPTION OF UNSTABLE RE6UUT0R 
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In the area of attitude control, we have considered developing adaptive/ 
learning control system theory for use in handling large space structures. 

One problem where adaptive/ learning theory is needed is in handling of large 
space objects using the space shuttle. During barging, towing, assembly, and 
construction operations involving large space structures adequate control 
requires precise knowledge of the structural dynamics of the objects involved. 
As indicated in slide 22, this requirement cannot be satisfied using tech- 
niques based on analysis or ground testing because of fundati«ntal limitations 
of these techniques. The adaptive/learning system is conceived on the premise 
that structural testing must be conducted on the objects involved in the 
operational space environment. Using in-flight testing, the system identifies . 
parameters of the structures within a class of mission structural models 
(slide 23). The parameters are used to adjust the control system design to 
affect acceptable attitude control. Additional tests are required to maintain 
acceptable attitude control because the dynamics change during operations. 

The number of such tests is substantially reduced by using model extrapolation 
based on analysis, thereby conducting tests only when the divergence between 
the observed dynamics and the model results in unacceptable stability and 
control margins. 
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SPACE APPLI CATION CONTRa 




0 PROPER PHASING OF F REQUI RES PRECI SE KNOWLEDGE OF THE STRUCTURAL 
DYNAMICS 

0 ADEQUATE ANALYTICAL DEFINITION NOT POSSIBLE FOR COMPLEX STRUCTURES - 
PROVIDES FIRST GUESS ONLY 

0 GROUND TESTING NOT POSSIBLE - GRAVITY, MASS. STIFFNESS CONSIDERATIONS 


HENCE: TESTING DURING aiGHT OFTHEARTiaETO BE CONTROLLED IS THE 
OMY MOHOO TO OBTAIN THE REQUIRED STRUCTURAL DYNAMICS 
KNOWLEDGE 


Slide 22 


LEARNING SYSTEM DESCRIPTION 
(SPACE APPLICATION) 





0 AUTOMATICALLY CONDUCTS IN-aiGHT TESTS WHEN CONFIDENCE IN 
STRUCTURAL DYNAMICS DEFINITION PRODUCES UNACCEPTABLE 
STABILITY AND CONTROL MARGINS 

0 ADAPTS TO CHANGES IN ORBITAL. MASS. INERTIA. AND REXIBILITY 
CHARACTERISTICS USING GAIN SCHEDULING BASED ON EXTRAPaATION 

Slide 23 
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The adaptive/learning system important features are listed on slide 24. 
The system is being developed using an analytical model of the SEP array. 

The model was created using a finite element model and the SPAR computer 
program (slide 25). 


lEARNING SYSTEM FEATURES 


• I n'fli^ht definition of structunl dynamics 

e Optimat decision theory used to initialize testify and adjust 
feeiftack law 

a Oidimal tolerance to control system sensor/actuator failures 
using analytical redundancy 

a "Dither" signal inputs needed for adaptive control are supp.assed 
during operations for which they are not compatible 

a Gain scheduling provides adaptation in absence of 'dither" inputs 
based on extrapolation 


Slide 24 


SEP SFAR MODEL TOP OF SEP 




379 



The sensing concept assumed in the adaptive/learning system is a remote 
sensing concept being studied at LaRC where TV cameras are used in conjunction 
with a spot pattern on the array. Slide 26 shows the location of the cameras 
in the shuttle payload bay and the SEP array inclined on angle 6 with the 
shuttle center line. Slide 27 shows the array spot pattern that is used in a 
simulation program to develop adaptive/learning control schemes. 


SEP/SHUTTLE - SENSOR CAMERAS 




SEP/SHUTTLE - SENSOR- SPOTS 




Slide 27 
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OVERVIEW 


J. P. Young 


INTERACTIVE ANALYSIS PROGRAM ACTIVITY 

In order to produce meaningful, alternative large space structure 
preliminary configurations, designers must have highly flexible and 
efficient computer codes to evaluate critical interactive effects. These 
interactive effects arise from the varied parameters of physical plant 
performance, environments, and forcing functions associated with disciplines 
such as thermal, structures, and controls. Adverse effects can be expected 
to significantly impact system design aspects such as loads, structural 
integrity, controllability, and mission performance. The end product 
analysis system is conceived to be an integration of individual discipline 
computer codes into a highly user oriented/interactive graphics based analysis 
capability. This integration of computer codes must be done in a manner that 
will greatly accelerate interdisciplinary data flow by maximizing use of 
modern data base management techniques. By providing computer assisted 
interdisciplinary preliminary design analysis capability, the designer will 
be afforded a rapid and efficient system to minimize solution turnaround time. 


INTERACTIVE ANALYSIS PROGRAM ACTIVITY 


0 OVERALL OBJECTIVE 

PRODUCE AN ANALYSIS SOFTWARE SYSTEM CAPABLE OF PERFORMING INTERDISCIPLINARY 
PRELIMINARY DESIGN ANALYSES OF LARGE SPACE SYSTEMS. DISCIPLINES SUCH AS 
THERMAL, STRUCTURES, AND CONTROLS ARE TO BE INTEGRATED INTO A HIGHLY USER 
ORIENTED ANALYSIS CAPABILITY. THE KEY FEATURE OF THE INTEGRATED ANALYSIS 
CAPABILITY IS TO BE A RAPID AND EFFICIENT SYSTEM THAT WILL MINIMIZE SOLUTION 
TURNAROUND TIME. 

0 SPECIFIC GOAL 

HAVE OPERATIONAL INTEGRATED ANALYSIS CAPABILITY (lAC) FUNCTIONING BY END OF FY83 
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INTERACTIVE ANALYSIS PROGRAM ACTIVITY 

In FY79 there was both in-house (GSFC) and contractor activities 
(Boeing Aerospace Co.)> The in-house activities centered around tasks that 
will provide technical information/analysis techniques to feed into the 
major contractor activity. In the thermal and structural discipline areas* 
there is the critical need to identify the individual analysis codes that 
best match the requirements imposed by an integrated analysis system. In 
addition, a somewhat new approach to thermal analysis, based on the modal 
solution techniques, is to be assessed for practical usage. Since no general 
technique exist^ for the 1 inearizati^.n of sample'* data control systems, 
considerable in-house effort has been c*evoted to developing this capability. 
In the systems area, a significant in-house accomplishment has been the 
development of a gene<^al theory for mathematically simulating the coupling 
of thermal loads into the system dynamics. 

A two-phase contract was awarded to Boeing Aerospace Co. in June 1979, 
for the development of an operational integrated analysis capability. The 
Phase I effort (10 months performance period) is to produce a detailed 
development plan and a pilot analysis program designed to demonstrate proof 
of concept. The Phase II effort is to produce the actual operational soft- 
ware system. 


INTERACTIVE fJIALYSIS PROGRAM ACTIVITY 
IN-HQIISE (GSFC) ACTIVITY 


0 THEP1AL 

0 EVALUATE SUITABILITY OF NASTRAII VS. SIMDA VS. SPAR 
0 ASSESS PRACTICAL LIMITS USE OF MODAL SOLUTION TECHNIQUE 

0 STRUCTURES 

0 EVALUATE NASTRAN VS. SPAR VS. SAP-Vl 
0 CONTROLS 

0 DEVELOP LINEARIZATION TECHNIQUE FOR SAfPLED DATA CONTROL SYSTEMS 
0 SYSTEMS 

0 DEVELOP GENERAL THEORY FOR COUPLING THERMAL LOADS INTO SYSTEM DYNAMICS 

CONTRACTOR ACTlVm 

0 TWO PHASE EFFORT WITH END PRODUCT TO BE AN OPERATIONAL INTEGRATED ANALYSIS CAPABILITY 
0 PHASE I AWARDED TO BOEING AEROSPACE CO. JUNE 79, (10 MONTHS PROGRAM) 
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CONCEPT OF lAC ARCHiTECTURF 


In a simplified fashion, the current concept of the lAC system 
architecture can be represented by the block diagram shc«<n below. As stated 
earlier, the system is to be highly user oriented and have v#*ry efficient 
interdisciplinary data flow properties. The keys to making this possible are 
a powerful, yet flexible, data base management system and a highly user 
oriented executive command/query language and interactive graphics. Hot only 
must the syst^ perform the engineering calculations via the application 
programs but it must also be designed to efficiently manage, control, and 
manipulate all the data, input or generated, from the most primitive level to 
the highest level. This system by itself cannot miraculously solve all the 
human factor problems associated with interdisciplinary conmiunication and 
data exchange. The goal is to produce a logical framework that will make 
this communication much less painful and actually give the practitioners an 
incentive to interrelate more directly. 

The specific application programs shown in the diagram in paraitheses are 
mainly for example purposes only. Final selection .lill not occur until after 
start of the Phase II activity. 

COSCtPT Of IftC ARCH{TICTl*SE 
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DEVELOPMENT OF SYSTEM DYNAMICS ANALYSIS METHODS 


H. P. Frisch 


DISCOS PROGRAM IMPROVEMENT ACTIVITY 

As shown earlier in the lAC system concept block diagram, DISCOS is 
designated as a candidate application program to perform the systen dynamics 
analytical simulation. DISCOS basically derives and sets up the computer 
code necessary to define the plant equations. The user, via FORTRAN code, 
defines all non -gyroscopic control and environmental loads on the system. 
DISCOS is structured so as to provide the user with a clean interface be- 
tween the plant, the controller, and the environment. This clean interface, 
along with several special interface subroutines, help to minimize the 
problem associated with non-gyroscopic load definition. 


.DISCOS PROGRAM IMPROVErcriT ACTIVITY 

mmc INTERACTION SIMULATION OF CONTROLS AND STRUCTURE 

MOTIVATION: THE KEY TO BUILDING USEFUL SIMULATION MODELS IS TO MAKE THEM AS 
SIMPLE AS POSSIBLE. EXCESS DETAIL TENDS TO CONFUSE RATHER THAN 
CLARIFY. 

NEED: A CAPABILITY TO RAPIDLY AND RELIABLY SET UP THE UNABRIDGED EQUATIONS OF 
MOTION FOR IDEALIZED SPACECRAFT SIMULATION MODELS. 

SIMULATION MODELS: FOR CONTROLS RELATED STUDIES SPACECRAFT CAN NORMALLY BE 

MODELLED AS A SYSTEM OF COUPLED RIGID AND FLEXIBLE BODIES. 
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DISCOS PROGRAM IMPROVEMENT ACTIVITY 

Obviously a full DISCOS capability should not be used for the single 
rigid or a single flexible body model. 

Coupled body problems conceptually look very simple and in most cases 
th*'y are reasonably easy to understand; however, the derivation and computer 
implementation of the complete set of coupled non-linear ec^ations of 
motion, accounting for all gyroscopic effects, can be extremely difficult 
to obtain and debug. 

The DISCOS user need wc.ry only about correctly setting up the input 
deck to define the problem. The equation derivation and computer 
implanentation portion of the problem has already been taken care of by 
DISCOS. 



Coarse Attitude 
AND Position Control 



Fine Attitude 
AND Position Control 



Construction or Docking Coupling Through System Flexibility 



Use DISCOS— To AutoI'Iatically Derive and Numerically Solve the Equations 
OF Motion for the Controlled Coupled Body System 
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DISCOS PROGRAM IMPROVEMENT ACTIVITY 


Simulation models are structured with a dual purpose in mind: 

1) Expose potential problem areas 

2) Provide the engineer with sufficient insight into the problem 
so that a "fix" can be implemented 

Excess detail usually will not hinder the exposure of a problem; 
however it usually will mask the true cause of the problem. 

Coupled rigid-flexible body models, using a minimal number of flexible 
body modes, are usually adequate for most controls/structure interaction 
problems. 


DISCOS 

MODELLING CAPABILITY 

0 ARBITRARY NUMBER OF BODIES 

0 ANY OR Ai L HAY BE FLEXIBLE 

0 RELATIVE DEGREES OF FREEDOM MAY BE 
-KINEMATICALLY FREE 
-KINEMATICALLY FIXED 

-CONSTRAINED BY SPRINGS DAMPERS AND/OR MOTORS 
-DEFINED BY AN APRIORI FUNCTION OF TIME 

0 TOPOLOGICAL LOOPS ALLOWED 

0 ARBITRARY CONTROL SYSTEM ALLOWED 

0 ENVIRONMENTAL LOADS ALLOWED 

0 FORCES AND TORQUES HAY BE APPLIED ANYWHERE 
-DISCRETE LOADS ALLOWED 
-DISTRIBUTED LOADS ALLOWED 



DISCOS PROGRAM IMPROVEMENT ACTIVITY 


As pres^tly structured the controller can be defined by an arbitrary 
set of non-linear logical, clgebraic and ordinary differential equations. 

The linearization procedure is numerical and will not work correctly if 
the equations cannot be linearized in the continuous time d(wwiin. Special 
techniques, under development, are required for the linearization of sampled 
data control equations. 


DISCOS 

ANALYSIS CAPABILITY 

0 CONPtfTE NON-LINEAR TIME DOMAIN SIMULATION 
0 NUMERICALLY LINEARIZE EQUATIONS OF MOTION 

I = P 

-IF CONTROLLER IS CONTINWUS (ANALOG)- PLANT + CONTf^lL EOJATIONS LINEARIZED 
-IF CONTROLLER IS SAMPLED DATA SYSTEM - ONLY PLANT EQUATIONS LINEARIZED 

0 FREQUENCY DOMAIN ANALYSIS CAPABILITY 

IF CONTROLLER CONTINUOUS THEN FOR ANY DESIRED SENSOR-ACTUATOR RATIO 
-OPEN LOOP TRANSFER FUNCTIONS SET UP 
-aOSED LOOP TRANSFER FUNaiONS SET UP 
-QUASI-OPEN LOOP TRANSFER FUNCTIONS SET UP 
ANALYZED BY 
-BODE 
-NICHOLOS 
-NYQUIST 
-ROOT LOCUS 



OISCOS PROGRAM IMPROVEMENT ACTIVITY 

Eigtnanalysis numerical methods have advanced significantly in the 
past 5 years. These advances have been incorporated to gain an added 
measyre of numerical error control in the frequency domain analysis section 
of OISCOS. 

Control /structure interaction analysis during orbit adjust requires 
Mtion to be measured relative to an acceleration reference to avoid 
numerical problans. 

Last 3 itens go together. This capability is essential for docking 
and appendage deployment probl«s. It is extremely difficult to implanent 

since proper impi ementation requires information about the future before it 
can be computed. The new integration method provides a second order estimate 
of this future data halfway through the full integration cycle. This permits 
the proper set up of latching/unlatching logic. The need to conserve 
momentum during latch /unlatch leads to the last item. Numerical changes 
in momentum are error; if viewed as a known impulse it can be cancelled by 
applying an equal and opposite effect . 


DISCOS 

CAPABILITIES IMPLEMENTED FY79 

0 NEW STAIE-OF-THE-ART NUftRlCAL METHODS INCORPORATED IN FREQUENCY DOMAIN 
ANALYSIS SECTIW 

0 MTION NOW CMPUTABLE fCLATIVE TO AN ACCELERATING FRAK OF EFEENCE 

0 DEGREES OF FREEWM MAY BE LATCHED AND UMLATCHQ DURING SIMULATION 

0 NEW INTEGRATION ROUTINE DEVELOPED TO ACCOWfflATE LATCHING/UNLATCHIN6 NEEDS 

0 ADDITIONAL COMPUTATIONAL ERROR CONTROL LOGIC DEVELOPED FOR COMPUTATION OF 
GYROSCOPIC CROSS COUPLING EFFECTS 
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NEW SAMPLED DATA CONTROL ANALYSIS METHOD 

Ncn-Hnear time domain analysis of a plant subjert to a sampled data 
control can normally be handled without approaching insurmountable 
numerical or theoretical problems. 

The real problems are associated with attempting tc perform a frequency 
domain stability analysis. Current techniques that are known rapidly 
become computationally impractical, or theoretically deficient, as one is 
forced to incorporate multi-rate sampling, many zero order holds of different 
time duration and several different digital delays. 


ilEH SM1PLED DATA CONTROL 
AHALYSIS METHOD 

PROBLEM: ZERO ORDER HOLDS AND DIGITAL DELAYS ARE NON-LINEAR ELEMENTS IN THE 
CONTINUOUS TIME DOMAIN. USUALLY THESE CANNOT BE READILY LINEARIZED 

SOLUTION: DEVELOP AH ANALYSIS METHOD WHICH VIEWS THEM AS LINEAR ELEMENTS 

METHOD: INTRODUCE THE CONCEPT OF A SET OF LINEAR MIXED OPERATION EQUATIONS 


392 



HEM SAMPLED DATA CONTROL ANALYSIS METHOD 

Presented here is only the fundamental essence of the method. Me first 
must view the meaning of the dot in the topmost figure. The dot simply 
says that given an initial state for X and a definition of the function X, 
then if the mathematical rules of integration are used, the value of X can 
be obtained for any future time. We now view the use of box in the next 
figure in the same manner. The box simply says that given an initial state 
for Y and a definition of the function Y, then if the math&natical rules for 
zero order hold are used, the value of Y can be obtained for any future time. 
An analogous statement follows for the use of triangle in the last figure. 

It is claimed that any linear sampled data control system can be expressed 
as a set of linear mixed operation equations as shown. Specifically note 
the zero in the 3,1 slot. Delay of a continuous signal is prohibited. Me 
view the associated computational cost as not being worth the effort. 

Next, a periodic pattern of sampling must be assumed. Without this 
assumption linear stability analysis is not possible. From this point on, 
the computer takes over to compute the elements of the coefficient matrix 
associated with the linear finite difference equation shown. This is done 
by a direct implementation of the mathematical rules of integ>^dtion, zero 
order hold and delay. The period implied is that of the periodic pattern 
of sampling. This is, in effect, the end of the new method since this 
equation format is compatible with standard Z-domain {frequency domain) 
stability analysis methods. 
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NEW ANALYSIS METHOD FOR THERMALLY INDUCED MOTION 

If finite elanent methods are used to define flexibility, then eventually 
one arrives at the equation shown and an associated set of vibration modes 
and natural frequencies. If either finite element or finite difference 
methods are used for linear thermal analysis then eventually one arrives 
at the thermal equation shown. This too is amenable to eigenanalysis 
methods and n set of thermal modes and natural thermal decay tiwp constants 
can be obtaineo. Thermal modes define temperature patterns just as vibration 
modes define displacement shapes. Natural thermal decay time constants 
define how quickly a temperature pattern would decay to a mean value if the 
system was placed in a block box, just as natural frequencies define the 
vibration frequency associated with a particular vibration node. 

The trick to solving the thermally induced motion equation shown is to 
compute a thermally deformed shape associated with each thermal mode pattern 
and then to express each of these shapes as linear functions of the vibration 
modes. From this jKiint more or less standard methods for arriving at 
generalized displacement and thermal coordinate equations via orthogonality 
relations are used. The resultant equations blend perfectly with the DISCOS 
program capabilities. A detail definition of the theory is scheduled for 
publication in the AIAA Journal of Guidance and Control January- February 1980. 
The title of the paper is "Thermally Induced Response of Flexible Structures , 
a Method for Analysis." 


?<EW AIIALYSIS ilETHOD FOR THERilALLY IWOCED hOTlOiJ 

BASIC CONCEPTS USED: 

0 STRUCTURES 

♦ KX = 0 VlERATlOn ffODES, NATURAL FREQUENCIES 

0 THEfmt 

CT ♦ DT = 0 THERf’AL TOES, THERMAL DECAY TIHE COliSTAflTS 

0 THERflALLY lilDUCED MOTION 
ra + K (X-Xj) = 3 

Xt = mSTANTAIlEOyS POSITION OF THERMAL E0U I LIBRIUM 
0 SOLVED VIA USE OF VIBRATIOli AND THERMAL MODES 

0 EQUATIONS THAT DEFINE X| VIEWED AS CONTROL EQUATIONS TO BLEND WITH DISCOS 
CAPABILITY 

0 PAPER TO BE PUBLISHED IN THE JAilUARY-FEBRUARY 1980 ISSUE OF THE 
AIAA JOURNAL OF GUIDANCE AND CONTROL 
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EVALUATION OF CANDIDATE ANALYSIS CODES 
6. K. Jones 


ACCOMPLISHMENTS FY79 

A VAX 11/730 version of SPAR was developed using as its basis the 
NASA PRIME version of SPAR. The major tasks were the development of new 
I/O routines for use with the VAX 11/780 computer and to restructure the 
code to make it compatible with the VAX data formats. The resulting code 
is all FORTRAN and makes maximum use of VAX virtual memory system to speed 
I/O operations. 

Four dynamics analyses problems have been defined and three of these 
problems have been executed on both SPAR and NASTRAN {MSC 52 on VAX). The 
problems consisted of finding the free-free modes of various size space frame 
platfonn models. This class of structure (platform) was selected based on a 
review of potential LSST structural systems. Modal analyses was selected 
based on the fact that being able to define the structural modes is essential 
to the performance of coupled control s-structure analyses. Based on these 
analyses preliminary observations have been reached as to the relative merits 
of SPAR and NASTRAN. 


LSST TECHNICAL REVIEW 
INTERACTIVE ANALYSIS PROGRAM 

ACCOMPLISHMENTS FY79 


0 VAX 11/780 VERSION OF SPAR BEVELOPED 


0 FOUR MODAL ANALYSES PROBLEMS DEFINED 


0 THREE OF FOUR PROBLEM EXECUTED ON VAX USING SPAR AND NASTRAN (MSC-52) 


0 PRELIMINARY OBSERVATIONS 
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CANDIDATE STRUCTURAL ANALYSIS CODES 

The NASTRAN, SPAR, and SAP VI analysis codes were selected as 
candidates due to their use within NASA and or the aerospace community. 

Both NASTRAN and SPAR codes are available through COSHIC and coiwerical 
variants of all three codes exist. The NASTRAN program was originally 
developed by NASA and is a very complex 300,000 lines of code), but 
versatile code. It is the most widely used structural analysis code. The 
other codes SPAR and SAP VI are less complex (^40,000 lines of code) and 
are not as widely used as NASTRAN. But since they were developed after 
NASTRAN they incorporate more advanced features in certain areas. 

The three codes suitability for use in an interdisciplinary analysis 
system is being investigated. Of particular concern is how well each codes' 
would function in an integrated interdisciplinary analysis system. Other 
factors being assessed are the codes' ability to handle large problem dynamics 
analyses, their ease of usage, and their documentation. 


LSST TECHNICAL REVIEW 
INTERACTIVE ANALYSIS PROGRAM 

CANDIDATE STRUCTURAL ANALYSIS CODES 


CODES; COMPARISON FACTORS; 


1. 

NASTRAN 

0 

SUITABILITY FOR USE IN 

2. 

SPAR 


INTERDISCIPLINARY ANALYSIS SYSTEM 

3. 

SAP VI 

0 

LARGE PROBLEM ANALYSIS 



0 

EASE OF USAGE 



0 

DOCUMENTATION 
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MODEL C 


Four platform models were developed (Models A through D), progressively 
increasing in size. The smallest model had 8 grid points and the largest 
model ha<^ SDO grid points. Model C is the next to the largest and consists 
of 200 gild points and about 800 elements. It represents a 500 feet by 
500 feet square space frame platform with a thickness of 50 feet. The 
other models differ from MODEL C only in complexity. The SPAR models were 
generated using the mesh generators in SPARj the NASTRAN models were 
generated using the MOVE preprocessor program. 


LSST TECHNICAL REVIEW 
INTERACTIVE ANALYSIS PROGRAM 



LSST PLAfFORM-MODEL C 
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SPAR-NASTMN PERFOmWCE 


The analysis problaras consisted of computing the first 10 to 12 free- 
free modes of the various platfora models. Results for the three smaller 
models have been obtained. The SPAR run times were about the same as that for 
NASTRAN when the 6IVENS-QR eigenvalue technique was selected in NASTRAN. 

The INVERSE method in NASTRAN ran substantially slower than the other methods. 
SPAR appears to use less physical memory than NASTRAN but further investiga- 
tion is needed to confirm this fact. The input to the SPAR program was much 
more compact than the NASTRAN input. The NASTRAN rigid format feature is 
easy to use but lacks the flexibility of the SPAR cowand language which Is 
also easy to use. 


LSST TECHNICAL REVIEW 
INTERACTIVE ANALYSIS PROGRAM 

SPAR-NASTRAN PERFORMANCE 

spar NASTRAN 


MODEL 

DOF 

CPU TIME 
(MIN) 

MEMORY 

CPU TIME 

i (MIN) 

MEMORY 

(BYTES) 

A 

m 

0.57 

lOOK 

1.12(1) 

200K 

B 

108 

1.20 

12AK 

2.93(1) 

1.03(G) 

250K 

C 

iim 

21.2 

175K 

38.9(1) 

ZLSiSl 

m......... 


I»INVERS£ 

6=GIVENS-QR 
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PRELIMINARY OBSERVATIONS 


One tentative conclusion based on the work performed to date is that 
for modal analysis the performance of SPAR (VAX version) and MSC52 NASTRAN 
arfe comparable. SPAR's strong points are that it is easy to use. has compact 
input, has a built in data base and a simple program structure. This last 
point is important in that it means that new features can be added to SPAR 
mrch more easily than to NASTRAN. The SPAR weak points are its poor documen- 
tation, no MPC capability and only one eigenvalue method. In addition the 
SPAR eigenvalue method was found to be very sensitive to the value of shift 
parameter selected. More than one run was usually required to find the 
desired eigenvalues. NASTRAN ‘s strong points are Its documentation, MPC 
capabil ity and its reduction technique. The problem with NASTRAN is that it is 
a complex code that is difficult to modify and requires a large amount of 
input. NASTRAN (KSC-S2) has two useful eigenvalue techniques (SIVENS-QR, 
INVERSE) but they are not without their problems either. The GIVENS-Qi 
method when coupled with an appropr. *te reduction is fast but sometimes has 
trouble getting good rigid body modes. The INVERSE method exhibits a set 
of problems similar to the SPAR technique. 


LSST TEOilCAL REVIEi 
INTERACTIVE ANALYSIS PMRAM 

PRELI«IIIARY OBSERVATIMS 


0 SPAH-NASTRAN HAVE AlOOT SAHE SOLUTION SPEED PERFORIWICE 
0 MEAI POUTS 

eioenvauje, lack of hpc or rouctiw technique 

NASTRAN-COIfLFI INPUT, COMPLEX CODE, DATA BASE 
STRdS POINTS 

SPAR-DATA BASE, EASY TO USE, COWACT INPUT, COIf ACT CODE 

NASTRAN-nCUfCNTATION, HPC, REDUCTION TECHNIQUE 
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THfRHAL ANALYSIS COMPUTER CODE ACTIVITY 

The SINDA program represents the leading candidate of the "traditional** 
finite difference type thermal analyzers, whereas NASTRAN and SPAR are of the 
finite element variety. A comparative evaluation is to be made to accura tely 
document the relative performance capabilities and suitability for incorpora- 
tion into an integrated analysis environment. The CAVE-3 program, developed 
by Grumman Aerospace Co. for LaRC, is the only known aerospace oriented 
program designed to perform thermal analyses via the modal solution method. 
This program is to be utilized to solve a number of demonstration problems 
to assess what limitations and usage criteria can be expected when using a 
modal solution approach. 


THERMAL ANALYSIS COMPUTER CODE ACTIVITY 


0 NASTRAN (MSC-52) INSTALLED ON VAX 11/780, DEMONSTRATION PfWBLEMS RUN 

0 SINDA INSTALLED ON VAX 11/780, DEMONSTRATION PfWBLCHS RUN 

0 SPAR THERMAL ANALYZER PROCESSORS CONVERTED AND INSTALLED ON VAX 11/780 

0 CAVE-5 MODAL SOLUTION BASED ANALYZER INOENTIFIED AND OBTAINED FROM 6AC, 
INSTALLED ON IBM 360/91, DEMONSTRATION PROBLEMS WN 
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DEVELOPMENT OF INTEGRATED ANALYSIS CAPABILITY SYSTEM 


W. J. Walker 
PROGRAM STATUS 

Tte Integrated Analysis Capability for Large Space Systems is funded under Con- 
tract SAS5-25767 by the Goddard Space Flight Center. Mr. J. P. Young of GSFC 
is the Contract Technical Officer. Tlie current contract is for Phase I of a 
tMO-phase effort with Phase II being a pre-negotiated option exercisable *^y 
GSFC. Phase I started on June 28, 1979 and continues for a lO-month period. 

The StatOTent of Work for Phase I specifies two tasks. The first is to develop 
a detailed plan for the Integrated Analysis Capability {lAC) ccwputer code. 

The intent is then to implement this development plan during Phase II. This 
plan will identify the technical modules to be used with the I AC, its database 
system and its interactive capability. In addition, a pilot analysis code will 
be utilized to demonstrate the concepts planned for the lAC. All computer 
work during Phase I of this effort will be done on the DEC VAX 11/780 machine 
and use Tektronix 's graphics hardware. 

Program Status 


Contract NAS5-2S767 
Starting date: June 28, 1979 
Duration of phase I: 10 months 
Phase I: 

Task 1 -Generate a detailed development 
plan for the lAC 

Task 2-Produce a simplified pilot analysis 
code 
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lAC - CAPABLE OF PERFORMING 

The lAC has as its goal the capability of performing the indicated analyses for 
the conceptual/preliminary design of large space structures. The statements 
shown describe the necessary technical data flow between the disciplines plan- 
ned for the lAC; Thermal, Structural and Controls. By Structural is meant both 
the strength and vibratory considerations as well as the overall system 
dynamics tehavior of a large space system. This capability involves implement- 
ing a number of individual computer modules and insuring the interdisciplinary 
data flow. Depending on the exact configuration of the structural system under 
study and its level of maturity the analysts can select the appropriate solu- 
tion. It is felt that this lAC capability encompasses the major anticipated 
structural needs of the precision/shaped surface structures, low stiffness 
planar substructures and high stiffness truss structure contained within the 
large space structures mission ii»de1. 


lAC— Capable of Performing 


• Thermal/structural analysis in a standalone mode 


• Thermal/structural coupled analysis in a sequential mode 


• Structural/control system coupled analysis 


• Quasi-staiic thermal/structural/control system coupled analysis 


• Fully coupled thermal/structural/control system analysis 
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INTERACTIVE DATA HANDLING 


The lAC will provide to the analyst an extensive capability to interactively 
inwstipate the behavior of LSS. This is envisioned as occurring within two 
classes of activity. First, the user interacting with the database in terms of 
updating existing models in the system and secondly, the user interacting with 
the data from previous analysis executions in either a query mode or a graphics 
wsde of operations. This activity will involve both the database management 
system and the database per se. Also, the lAC syst«n will provide an executive 
system to control the I AC modules and to interact with each module during 
execution as is necessary. The software development planned for the lAC Inter- 
active Capability must necessarily consider the hardware system. Currently, the 
computer interactive tertninal technology Is rapidly changing with vendors 
developing new products annually. Due to this state of affairs the decision 
with respect to which interactive terminal hardware systems to use will be post- 
poned as long as possible. For the pilot code, however, Tektronix terminals 
will be utilized. All graphics software developed for the lAC program will 
conform to tire 1979 SIG6RAPH standards. 


Interactive Data Handling 


• User /database interface 


• User /module interface 


• Graphics hardware: Tektronix 

• Graphics software: Conform to 1979 
SIGGEAPH standards 
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DATABASE SYSTEM 


The database system planned for the lAC will be a relational database system. 
The organization of this database system is defined by what is known as a two- 
schema model : logical and physical. The logical organization represents the 
user’s view of the database and will provide security, reliability and rela- 
tional capability of the system. This organization will establish logical 
partitions and allow for transfer of data between the partitions, define the 
organization within a partition and implement the relationships among the data. 
The physical organization represents the machine implementation of the data- 
base and will establish physical segments, records, etc. Among the system’s 
characteristics which will be particularly important from the user's viewj^int 
will be the permanent nature of the database storage as well as its capability 
to support multiple users concurrently. The lAC will use a single central 
processing unit (CPU) and not consider a distributed processing system such as 
being developed for the IPAD system. The lAC is intended to provide back- 
up capability and allow recovery in case of computer failure. In addition, a 
data definition language (DDL) will allow user specification for details of 
the database schema. Finally, a user oriented query language will provide the 
interactive access to the database. 

Database System 


• Two-sdieni.'i organization 

• Logical 

• Physical 

• Characteristics: 

• Multiuser (concurrent usage) 

• Single CPU 

• Recovery 

• Backup 

• Data defiiiitlon/query language 
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INTEGRATED ANALYSIS CAPABILITY 
PILOT PROGRAM 

The lAC will have specific modules associated with the structural, thermal, 
systen dynamics and controls technical disciplines shown below on the left. 

At the present time the specific modules to be used during Phase II have not 
been selected. For the Phase I pilot code, the technical modules shown below 
on the right will be used. The NASTRAN thermal and structural analysis will 
be used in conjunction with the DISCOS program for system dynamics. The 
DISCOS controls subroutine will be used for purposes of the pilot program. For 
Phase II a relational database system will be developed for the lAC in conjunc- 
tion with an interactive tutorial and query capability as well as extensive use 
of graphics. The pilot program will employ a file oriented database system to 
demonstrate the interdisciplinary data flow and the user oriented query 
language. Interactive terminals will also be used along with the pilot program 
to desiwnstrate the executive system approach and the interactive graphics. For 
the graphics output it is planned to use a user oriented menu approach. It 
should be noted that the pilot program capability will be used to solve a 
selected demonstration problem. This problem was chosen at the Initial Progr^n 
Review and is described below. 


Integrated Analysis Capability 

Pilot Program 


• Structural; NASTRAN 

• Thermal: NASTRAN 

• System dynamics: DISCOS 

• Controls: DISCOS 

• Database system 

• Interactive data handling 
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PILOT PROGRAM 


The function of the pilot pi^gram Is to provide proof of concept evidence for 
the lAC system through the execution of a dewnstration problem. Thus the 
pilot program is a restricted subset of the fuTl lAC system capability. The 
primary software characteristics of this program are stown below. It i«s 
specified by the contract that the pilot program developed for operation 
on the DEC VAX c«puter. toeing Aerospace has a VAX machine at Its Kent Space 
Center and we have remte access to this machine using a Tektronix 40M fr«i 
our work area. For the pilot prograa as discussed previously, a file oriented 
database system will be utilized to Interface the technical modules of NASTIWI 
and DISCOS and provide a data retosltory for the user. This system will to 
accessed interactively to demonstrate the plannto capability of the lAC and the 
lAC/user environment. The graphics capability will use the Tektronix developed 
Plot 10 package operational on the VAX. This capability will be demonstrated 
by plotting DISCOS output data. The executive system approach for both the 
analysis modules and database system will be incorporated into the pilot pro- 
gram. 


Pilot Program 


• Operational on DEC VAX 11/780 

• File-oriented database system 

• Interactive graphics 

• Executive system—module/data manager 
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OBWNSTRATION PROBLEM 


The denronstrdtion problem selected for the pilot code is a thirty (30) meter 
antenna structure* This structure has the primary structural elements: space- 
craft bus, reflector, and feed truss. A previously developed NASTRAN model 
of this structure was provided to us by the Jet Propulsion Laboratory (JPL). 
This model has been exercised generating mode shapes and frequencies for com- 
parison with JPL data (which was excellent). It is planned to perform two 
types of analysis with this model. One a thermal /structural analysis and the 
second a structural /control analysis. These analyses will follow the second 
and third analysis capability shown on the page titled "I AC-Capable of Perform- 
ing.'* One purpose of this solution is to demonstrate the user control of the 
executive system to initiate the thermal and structural analysis. Another is 
to demonstrate the ability of the system to identify and transfer module gen- 
erated output to the database and extract data from the database as input to 
another module. The second analysis performs a similar function but will 
involve the DISCOS-Controls subroutine and the interactive graphics plotting 
capability. For this analysis the antenna will be assumed to be gimbaled 
at the spacecraft bus and one degree of freedom control exercised. 


Demonstration Problem 


• 30-metre antenna 

• Bus 

• Reflector 

• Feed 


• Solve two problem types: 

• Thermal/structural analysis 

• Structural/co iilrol analysis 
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JPL ANALYTICAL PERFORMANCE PREDICTION CAPABILITY 


R. Chen 

Jet Propulsion Laboratory 


LSST 1ST ANNUAL TECHNICAL REVIEW 
November 7-8, 1979 
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JPL Analytical Performance Prediction Capability 

OBJECTIVES 

The basic long term objective of this task is for JPL to develop simplified 
analytical capability for the simulation and prediction of performance for 
large deployable antenna structures. This capability, in the form of a 
computer code, is expected to account for all phases of hardwa»*e use, i.e. , 
ground handling, boost, deployment, on-orbit station keeping, and transfer 
from LEO to SEO, if applicable. In addition to accounting for static and 
dynamic loading of the basic structure, the variation in the precision of the 
ref lector surface and the alignment of the feed support structure as a 
function orbit roust be understood and quantified to accomnodate electro- 
magnetic analysis. 

This development activity is expected to Involve the application of the 
state-of-the-art analysis capability, modification of this capability, the 
development of entirely new capability and the application of the subject 
technology by specific antenna structures. 

JPL AiiALYTlCAL PERFORHANCE PREDICTION CAPABILITY 

OBJECTIVES 


LOMtlOtl 

TO DEVELOP SIMPLIFIED ANALYTICAL CAPABILITY 
FOR THE SIMULATION AND PREDICTION OF PERFORMANCE 
FOR LARGE DEPLOYABLE ANTENNA STRUCTURES 

ELZ2 
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TO DEVELOP ANALYTICAL APPROACHES AND TO INITIATE 
THE DEVELOPMENT OF A SIMPLIFIED INTERACTIVE PROGRAM 
FOR LARGE DEPLOYABLE ANTENNA STRUCTURES 



Specific Tasks 

Five tasks were established at the beginning of FY'79 as guidelines for 

accomplishing objectives. 

A. The task involves identifying antenna structures and environment 
based upon results of recent NASA mission model studies and the 
specific antennas selected for development from the Wrap-Rib and 
Precision Deployable Conceptual Development Studies. 

B. Construct models to demonstrate computer code capabilities, new 
capability required, and to establish bases for integrated 
analysis studies. 

C. Investig te different modes for accomplishing structural/thermal 
coupling based on dissimilar requirements on models used for 
structural and thermal analyses. 

0. Supply dynamic models describing typical modal data to Controls 
Division to establish interdisciplinary dialogue between 
Structures and Controls engineers. 

E. Determine structural, thermal and dynamic response in terms of 
structural loading and reflector surface distortion. 


SPECIFIC TASKS 


A. IDEMTIFY CHAR.ACTERISTIC ANTENriA STRUCTURES AND APPLICATIONS 

B. DEVELOP ANALYTICAL MODELS 

C. DEVELOP APPROACH FOR STRUCTURAL/THERMAL COUPLING CAPABILITY 

D. DEVELOP APPROACH FOR STRUCTURAL/CONTROL COUPLING CAPABILITY 

E. CHARACTERIZE AND DETERMINE IMPACT OF EXTERNAL DISTURBANCES 
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Preliminary Flans 


A preliminary plan for an analytical program resulting in mid-FY'79 
features a centralized data base executive system to be conraanded by the user 
using a precompiler signaled from input information. The data base executive 
systeii is capable of storing, managing, indexing, and recalling large amounts 
of data connocting and sequencing the required analysis tools of various 
disciplines Tor proper execution. This feature stresses versatility as well 
as flexibility in handling interactive analyses for varieties of LSST systems. 


- DEPLOYABLE REFLECTORS 
SiHPLIRED INTERACTIVE ANALYSIS COMPUTER PROGRAM 
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Near Terw Plan 


Ihe near term (FY*€0| objective for iirqjlementation of the proposed approach Is 
described in the fol lowi.ip figure. The current plan is to develon a 
thermal/structural analysis capability specifically tailored for the vf rap-rib 
deployable antenna since dev€>opw:nt of pr<»cision depIcyaMe antenna has been 
terminated. In this plan the approach for the structure 1 /control s i *ttearat«d 
analysis «i?l be co.iplitf*d in FY'80. Since the anelytkal capability will be 
focused only o« the mesh deployable antenna, a data base mamqemetM si*stem is 
»»t required here. 


NEAR TERR PLAN 
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Thermal/Structural Analysis Computer Progran 


The coiputer progran for the evaluation of theraaTly distorted wrap-rib 
antenna consisted of the following main coMpot»ents; 

K LOHARP code to canpute heat load Input. 

2 . SINOA code to compote ten^erature distribution. 

3. GAP finite element program to coupute thermal/structural 
distortion. 

4. JPt RHS program to coepute the total surface RMS deviation to be 
used in Ruze's formula for evaluation. 

Necessary modifications to these prograwis a«^e to be shown on the following 
figures. 


MESH DEPLOYABLE m^m THERMAL/ STRUCTURAL COfTUTER PROGRAM 
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Thpnnal Model 


This figure illustrates a plane and side view of the thermal rwidel of 
wrap-rib mesh deployable antenna used to find solar and planetary induced heat 
loads on rib and mesh nodes. As may be seen, only two ribs and included mesh 
are modeied at one time. The mesh of the rest of the antenna is included for 
shading purposes only. Heat loads on all other pairs of ribs are found by 
mathematically rotating the structure shown about the axis by an amount equal 
to the angle between ribs. 
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Thermal f*ode1 of Outside of Two Adjacent Ribs and Included Mesh 

This f'qure is a dose up of the adjacent rib sections appearing in the 
previous figure. The section shown here is an accurate representation nf the 
actual rib and included mesh surface for a particular set of geometric 
parameters , and was automatically generated by the preprocessor program given 
minimal input. View factors and radiant eneroy interchange factors between 
the exterior surfaces of adjacent ribs are computed once and subseguently used 
for all pairs of adjacent ribs. 


THERMAL MODEL OF OUTSIDE OF 
TWO ADJACENT RIBS & INCLUKD MESH 
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Thermal Model of the Inside of A Slnqle Rib 

This figure illustrates the thermal model of one single complete rib 
and is used to determine view factors and radiant energy interchange factors 
for intrarib heat transfer. The mathematical model of the single rib is also 
automatically generated by the preprocessor code. Solar and planetary heat 
loads do not impinge on the interior surfaces of the rib due to the op<K|ueness 
of the rib and multi-layer thermal blanket. 


THERMAL MODEL OF THE INSIDE OF A SINGLE KIB 
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Deployable Reflector Structural Analyzer 

Deployable reflectors emp oy tension type structural components which 

having donlinaar elastic properties. For a 
practical and sitiplified tool, tension only membrane element is developed bv 
edifying bending elements in the SAP finite element code. The nonlinear 

hacfrilLf element is simulated using the perturbation method 

based upon small linear changes from the undisturbed configuration, the 

configuration being the initial state where the mesh is stretched 

* Stretched membrane that has a 

geometric stiffness which gives additional out-of-plane rigidity resulting from 
the inplane tensile stress. - -a 

®®‘*^^^^^tions to the structures code include adding capabilities 
to handle thermal gradients across the rib cross sections, eccentrically 
applied rib loads, vibrations of the freely supported reflectors and a rvrlir 
sjrametric feature for reducing model size and therefore the con^uter running 


«SH DEPLOYABLE EFLECTOR STRUCTURAL ANALYZER 


H tiDlFICATlONS 

0 PRESTRESSO NEMBRAME EIJEHENT 
WITH GEOMETRIC STIFFNESS AND 
3 DOF AT NODES 

0 ECCENTRICALLY LOADED BEAM 
ELEfCNTS 

0 THERMAL GRADIENT ACROSS BEAM 
SECTION 

0 FREE-FREE ANTENNA BOUNDARY 
0 CYCLIC SYMMETRY 
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Structural Model 30 Meter Precision Deployable Antenna 

A NASTRAN structural model using the 30-m dianeter advanced Sunflower 
antenna concept was constructed. This model was used primarily to obtain 
samples of structural dynamic characteristics for investigating controls 
requirements on this type of antennas. 

The reflector is assumed to be consisted of alimiinum honeycomb panels 
with 1" core and .020" face sheets. The antenna feed is a triangular plate of 
the same material, supported by three 16" dia. X .125" w.t. aluminum tubes. A 
simplified hexagonal spacecraft bus of approximately 100" cube in size is 
assuned to be attached to the reflector with six aluminum tubes of the same 
size as the feed supports. The bus and supports have been sized to yield a 
total weight of 3167 lb. 


STRUCTURAL MODEL 

30 METER PRECIS! on DEPLOYABLE fCM'.m. 


Ffi£MLN£Y fto 

Hz 

0.00 Rigid-body translations 

0.00 Rig ID- BODY rotations 

0.43 Reflector bending 

0,62 Feed support torsion 

0.o6 Reflector bending 

0.69 

0.95 

0.95 

1.04 

1.23 

1.4S Feed structure bending 

6.89 First overall bending 

6.89 


0 f/D = 0.5 
0 FLEXIBLE SPACECRAFT 
0 AXISYWRIC FEED 
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structural Model 100 Meter Mesh Deployable Antenna 

A NASTRAH structural model of a 100 meter mesh deployable antenna using a 
wrap-rib reflector was constructed. The model consists of 30 tapered ribs of 
lenticular cross-section made of graphite-epoxy layup. The roots of the ribs 
are attached to an aluminum central hub which also supports the feed with a 
tripod of aluminum <‘ubes extended to a distance of 100 meters long. 

The mesh membrane reflector surface presented special modeling 
problems. The normal stiffness of the reflector is contributed purely by the 
stretching of the n«sh mmbrme which occurs only when the reflector is 
deployed. This differential or geometric stiffness is not accounted for in 
the stiffness matrix of conventional finite membrane elements in NASTRAN. To 
simulate this property, artificial thermal loads were introduced to the 
model. This generates element differential stiffness terms which were then 
added to the stiffness matrices for the ribs and mesh to produce the total 
reflector stiffness properties of the reflector. 

STRUCTURAL MODEL 

100 METER ffiSH DEPLOYABLE A'iTE^WA 


Efi£mi£M£l 

Mode 

Hz 

0.00 

Rigid-body translations 

0.00 

Rigid-bcdy rotations 

.053 

Reflector "umbrella" mode 

.065 

Feed support bending 

.073 

Reflector bending 

.0911 

Reflector torsion 

.090 

Reflector bending >, 

.118 

Reflector bending 

,190 

Reflector bending 

.150 

Reflector torsion 


0 f/D = 1.0 
0 AXISYWETRIC FEED 
0 "MRAP-RiB" REFLECTOR 
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LARGE SPACE SYSTEMS TECHNOLOGY ELECTRONICS - DATA AND POWER DISTRIBUTION 


W. G. Dunbar 
Boeing Aerospace Company 


Contract NASS -33432 


LSST 1ST ANNUAL TECHNICAL REVIEW 
November 7-8, 1979 




zmm ^ 
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TECHWIOSY AREA ; 
TASK : 

OBJECTIVE : 

APPROACH: 


TASK DESCRIPTION 


TASK STATUS: 


ACCMPLISHHEOTS 


ELECTRONIC - DATA & POWER DISTRIBUTION 
CABLES AND CONNECTORS; GROUNDING AND BONDING 

DEVELOP THE (TASK) HARONARE TECHNOLOGY AND HANUFACTURING/USA6E TECHNIQUES 
REQUIRED TO HEET PLATFORM MD ANTENNA SYSTEM NEEDS IN THE HI0-1980‘S AND 
BEYOND. 

THE APPROACH TO THIS TECHNOLfXlY TASK IS ASSEMBLY TECHNIQUE DEPENDENT. AND 
MILL THEREFORE BE APPROACHED ON TW3 FRONTS. 

(1) HARDWARE AND TECHNIQUES ASSOCIATED WITH MANNED-EVA, MACHINE ASSISTED 
ASSEMBLY. 

(2) HARDWARE AND TECHNIQUES ASSOCIATED WITH AUTWATED ASSEMBLY, 1.6., 

MACHINE AS PRIME WITH MAN CONTROLLING OR AS BACK-UP. 

: » ASSESS PLATFORM AND ANTENNA SYSTEM REQUIREMENTS. 

■ KTATF-fIF-THF-AHT HARDWARE 

• investigate and evaluate hardware, MANUFACTURING/USAGE TECHNIQUES 
OF OTHER PRWRAMS. 

» DEVELOP CGSCFPTS/TECHMIQUES BASED ON KNOWN REQUIREfCNTS, AND UP« 

OEVEtCriNS STRiJCTURAi CCWCEPTS MD ASSEMBLY TECHNIQUES. 

• DO IN-HOUSE DESIGN EVALUATION AND ‘'REPARE TEST PLANS OF NEW CONCEPT HARDWARE. 

COMBINED TASK CONTRACT INITIATED WITH THE BOEING COMPANY (NAS8-33432) 

ON MARCH 30. 1979. 

• COMPLETED STATE-OF-ART REVIEW FOR GROUNDING AND BONDING; CABLES AND 

CONNECTORS 

t DEFINED DATA AND POWER SYSTEM UISTRIIUTION REQUIREMENTS 

• ESTABLISHED GRt»DING i BONDING; CABLE AND CONNECTOR REQUIREMENTS 
FOR SPACECRAFT WITH LOAD DEMANDS TO 2.5 MEGAWATTS 

t DEVELOPED CWCEPTUAl CONNECTOR DESIGNS FOR MANNED AND AUTOMATICALLY 
MATEO SYSTEMS 

• EVALUATED MATERIALS COMPATIBILITY FOR BONDING AND CONNECTORS IN 
STORAGE AND IN SPACE 

ACHIEVED TO DATE 


• REVIEWED LSST REPORTS, SUPPLIES DATA AND ACTIVITIES, AND IN-HOUSE REPORTS 
ON PRESENT »ND PRELIMINARY DESIGNS FOR MANNED AND AUTOMATICALLY ASSEMBLED 
SPACE POW. SYSTEM CABLES, CONNECTORS, AND GROUNDING AND BONDING MATERIALS 
AND TECHNIQUES. 

• DEVELOPED CONCEPTUAL CONNCCTf„ DESIGNS FOR AUTOMATICALLY CONNECTED/ DISCONNECTED 
ASSEMBLIES IN SPACE 

• ESTABLISHED VOLTAGE CURRENT RATINGS FOR LSST DESIGNS TO 10 MEGAWATTS 

• DEVELOPED GROUNDING/BONDING PHILOSOPHY CONCEPTS FOR LSST 

• DETERMINED THAT THIN ALUMINUM BUSES ARE BEST FOR HIGH CURRENT HIGH VOLTAGE 
CONDUCTORS 

i CONCLUDED THAT GRAPHITE EPOXY MUST BE COAIED TO STOP DETERIORATION AND CHAFFING 
(OUSTING) IN SPACE AND CANNOT BE USED AS A GROUND RETURN. 
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THRUST m NEXT 6 f«HTHS PE^ilOD 


• C»PLETI MATERIALS COMPATIBILITY STUDIES 

i DEVELOP CONCEPTUAL ''ESIGNS AND TECHNIQUES - WIALYZE AND EVALUATE USEFULNESS 

• DEVELOP ROUTING, TERMINATION METHODS FOR ASSEMBLED DEPLOYMENT BY EVA ANO/OR 
AUTOMATIC/REWTE COUPLING 

PUBLICATIONS 

• MONTHLY PROGRESS REPORTS 

• FINAL REPORT WHICH INCLUDES: 

RECCWENOED MATERIALS, CABLE AND CONNECTOR DESIGN CONCEPTS, GROUNDING AND 
BONDING TIC(#»QUIS, TEST PLAN, AND INFOWIATION OF MONTHLY REPORTS. 


SPACECRAFT POWER LEVELS 

TYPICa MISSION POWER REQUIREMENTS fFlGORE 1): 
t MISSIONS TO W80 LESS THAN 5KH 

• future SPACECRAFT POWER KMAHOS STEADILY INCREASING TO 20 MEGAWAHS. 
typical loads - CCWNl CATIONS, EXPERIMENTS, SURVEYS, PHOTOGRAPHY. MINERAL 
DETECTION, TEMPERATURE SENSING. 

• POWER DEMAND SU»«RY CHART (FIGURE 2). 

• TYPICAL SPACECRAFT DESIGN: 

FIGURE 3 - ON-ORBIT ASSEMBLY CONCEPT DESIGN FOR COMMUNICATIONS 
FIGURE 4 - COWUNICATION SATELLITE 
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YEAR 

Mission power requirements. 


YEARS 

POWER DEMAND - 

KILOWATTS 


AVERAGE 1 

...miwK. 


1980 

- 198. ’ 

25 - 

50 ! 

75 

1985 

- 199t 

25 - 

>00 1 

?,500 

1990 

- 1995 

25 - 

T50 i 

3,000 

1995 

- P.OOO 

25 - 

2,5o:’ ' 

20,000 

PAST 

2000 


1 

1 

TO 10^0 


Figure 2. 

- Spacecraft power 

demands. 
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Figure 4.- Dish antenna spacecraft confiquration. 


0I$TRI6UTIft« S»ST01 

• Hia -WR LSST DISTR!80TIC*I SVSTfM 

{riGUR* i): 

• C(W«R1S LOii VOLTAGE ERCW SOLAR CELLS TO HI6^ VOLTAGE STSTEf* 

• 0LSTRIBUTIC9I BV HIGH VOLTAGE LISES TO LOAD:. 

• USES CWEUTER TO CONTROL Cim'ERTLR 

• SLSSOR SIGNALS TRANSE-IITED BY FIPER OPTICS 

* GSa'SOING ASO BOWING CONVENTIONAL AW HEW TECHWLOGV RIQUIRIMEHTS 
{n:k!PiS 0 AW 75: 

» UHE VoUAGES above 200 VOLTS AW LINE CURRENTS ABOVE 250 AHS’ERES REQUIRE 
HiW OrSIGH AND MATERIALS TECWOLOGH . HEW EABRICATIHG «.<D INSTALLATION 

TECHNOLOGY 

« CC.VPCCTOR CONE IGURATIONS CONCIPTS TOR HUki VOLTAC^ AND HIGH CURRENT ARE SHOWN IS 
(riGURE R): 

• rROnUH AREAS IsrusOE; 
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installation aw CDSHECIIONS 
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25 

m 
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2m 
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m 
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im 

2.1 m 

OVER 2,000 «31TS 

iM 


Figure 7.- Pomr dewand 
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HIGH CURRENT TO 3m AMP 
PLASiNA OERRiS PROTf CTIW« 
CXJOLIWi 

NEKITECHNOtCGV 

• weaitATTONMSIGN 

• MATERiAU 

• FABRICATION 
i. COKMiECTIONS 

• mSTALlATiONS 

FIBER ernes 


Figure 8.- Conductor configurations. 
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FI®2E IS - S!IS fill Or WS BAR C0!lF!&'8Ar!0fl SM3KISK; L4TCM1K3 *fCHMl!S» 
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{FiaiRE !6l im SKIPS THE (WTING RING WO niJWS UNTIL THE CONNECTOR IS FiMlT NRTEO BY EITHER 
THREADS OR LATCHING 
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Figyre 15.- Sheet mU\ connector detail. 
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CONNECTOR SIMUS 


0 LOy VOLTAGE CONNECTORS: 28 TO 250 VOLTS; 1 TO ISO (WPERES 
40 M SERIES C0WECT08S — AVAILABLE 
KIl-C-38999 CWNICT08S -- AVAILABLE 

0 HIGH VOLTAGE OVER 250 VOLTS - NEW TECHNOLOGY 

0 HIGH CURRENT WS BAR TYPE - NEW TECHNOLOGY 

o SPECIAL TOOLS ANO SHELL DESIGNS REQUIRED FOR CfWPLINB/WCOOPLIHS CONNECTORS IN SPACE 

0 NEW CONTACT CONFIGURATIONS REQUIRING 5 10 761 DECREASE IN »TIN6 FORCE ARE AVAILA81E (HYP'-RICCJ. 
THESE ARE AVAILABLE FOR PRESENT 40 H ANO «L-C-38»9 CMNECTORS 


SROPNDING DESIGN RIQOIREMINT 

• GROUND IMPEDANCE SIGNIFICANTLY LCWER THAN THE CIRCUIT C»»S WOE IKPEOMCE 

• GROUND PATH VOLTAGE DROP (ESViRONNENTAL ANO CIRCUITS) LOWER THAN CIRCUIT CDWOfI MODE VOLTAGE 
SHARING THE SAME GROUND PATH 

• GROUNDING TECHNIQUES 

CUL-OE-SAC - 

RELIEVES EXTERNAL STRESSES {SHIELD ROOM) 

GROUNDING WINDOW - 

SINGLE AREA CONNECTION ALL CABLES AND CONNECTIONS THROUGH A SINGLE PLATE 
ElECTRPfilC SHlElOtO COMPARTMENTS - 

LIMITED TO 15 METER PER LONGEST SIDE. HAY BE SQUARE 
CUL-OE-SAC construction of COPPER OR ALUMINUM 

ALWIM COMPARTMENTS REQUIRE EXTRA HEAVY FASTENER 
BONO PER MIL-8-S08? OR EQUIVALENT 


iS wmo0m 


cuL-m-SAc mo el6ct«o«»c l(nis. 

(SHIELDtD noom) CA8LCS. AND WAVEGUIDES 
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BONDING REQUIREMENTS 


• R«R RETURN 

• VOLIAGE REFERENCE 

• ANTENNA COUNTERPOISE 

• STATIC BLEED 

GRAPHITE EPOXY STRUCTURE SHOULD NOT BE A POWER RETURN. MAGNESIUM DOES 
NOT BOND WELL - OFTEN USED. 

ANTENNA OPERATION BELffW 50 kHz POWER FLOW IN STRUCTURE IS UNACCEPTABLE. 
ANTENNA COUNTERPOISE SHOULD BE MADE OF DEDICATED METAL STRUCTURE MIL-8-5087 
CLASS R {2.5 MILLIOHM) JOISTS FOR MULTIPLE FASTENERS. 

GRAPHITE - EPOXY 



FIBER 

LENGTHWISE 

CROSSFIBER 

MAX OHMIC VOLTAGE GRACIENT (V/®) 

4000 

250 

4000 

MAX OHMIC CURRENT DENSITY (AMPS/m^) 


4 X 10^ 

10^ 

CONDUCTIVITY (HHO/m) 

20,000 

2000 

<20 


(Holzschuh) 


{Scruggs) 


• GRAPHITE JOINTS MUST BE TAILORED TO CURRENT RISE {RATE) 

LOW RESISTANCE AT LOW CURRENT LEVELS REQUIRES MORE FIBER CONTACT THAN FOR HIGH CURRENT. 
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COEFFICIENT OF LINEAR EXPANSION 

MATERIAL 

PER UNIT EXPANSION 

graphite epoxy 

1.0 

ALUMINUM 

45 

MAGNESIUM 

45 

STEEL 

20 

TITANIUM 

18 


HATERIALS COMPATIBILITY REQUIREMENTS 

• THERMAL COEFEILIENTS Of EXPANSION 

• GALVANIC POTENTIAL 

• SUSCEPTIBILITY TO MOISTURE AND SPACE RADIATION 

• VULNERABILITY TO ENVIRONMENTAL ELECTROMAGNETIC HAZARDS 
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TfK?EftATgll€. K 

Figure 17.- Longitudinal thermal linear expansion of high strength 
graphite fiber epoxy composites. 



TEMKRATufff. K 


Figure 18.- Transverse thermal linear expansion of high strength 
graphite fiber epoxy composites. 
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GALVANIC POTENTIAL 


GRAPHITE AND ALUMINUM CAN PEACH 2 VOLTS IN MOISTURE. MUST BE SEALED AND 
MOISTURE-FREE DURING STORAGE OR PAINTED WITH NON-CONDUCTING FINISHES. 


MOISTURE AND SPACE RADIATION 


• EPOXY HAS A STRONG AFFINITY "0 WATER DURING STORAGE. 


• COATINGS WILL SEAL IN MOISTURE AND INCREASE OUTGASSING 

IN SPACE. 


• SPACE RADIATION DETERIORATES EXPOSED EPOXY. COATINGS ARE 
REQUIRED TO PRESERVE STRUCTURAL AND BONDING INTEGRITY OF THE 
MATERIALS. 


RECOPWENOATIONS 

IN DESIGNS WHERE GRAPHITE/EPOXY IS COUPLED WITH MATERIALS, FOLLOW THE RULES BELOW: 




METAL GROUPING 


I 

II 

III 

IV 

MAGNESIUM 

ALUMINUM 

LEAD, TIN, 

CRES, NICKEL. AND COBALT 

AND 

ALLOYS, 

BARE IRON 

BASED ALLOYS, TITANIUM, 

MAGNESIUM 

CADMIUM 

AND CARSON 

COPPER, BRASS, CHROME PLATE 

ALLOYS 

AND ZINC 

OR L(M ALLOY 



PLATE 

STEELS 



« J» NOT COUPLE GROUP I, II, OR III f€TALE DIRECTLY TO GRAPHITE/EPOX . 

• WHEN GROUP I, II, OR III METALS ARE WITHIN 3 INCHES OF GRAPHITE/EPOXY AND CONNECTED BY AN 
ELECTRICALLY CONDUCTIVE PATH THROUGH OTHER STRUCTURES, ISOLATE* THE GRAPHITE/EPOXY SURFACES 
AND EDGES. 

• TITANIUM, CRES (A286 OH 300 SERIES STAINLESS STEEL), NICKEL, AND COPALT-BASED ALLOYS HAY BE 
COUPLED TO GRAPHITE/EPOXY STRUCTURES. WHEN OTHER GROUP IV METALS ARE COUPLED, ISOLATE* THE 
GRAPHITE/EPOXY SURFACES AND EDGES. 

* ISOLATION SYSTEM: 

* ONE LAYER OF TEOLAR; OR TYPE 120 GLASS FABRIC WITH A COMPATIBLE RESIN; OR FINISH. 
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PASTSCUIATS PSOOlfrt 


.'Htsc m THR££ sajRCES or ?A?.ncatftTE ocbrjs cosTa.MpiST|(^ f(^ sutCTOSE ‘‘•pacccsaft. 

TOP m Th! EAWH £SV{ftO?«;r SPACt .VID THE SPACECRAFT ITSEIF. PSRT!CUl.ATEF S'iRIKIK 

THE SPACECRAFT Sl'RFACE. AT HIGH VELOCIIF. HAY BREAK LOOSE »^CM HOSE HATERiAi TC APO TG TS£ PROBLEM. 

TOE electric FIEIOS AROU® A am VOLTAGE SliRFAfE (CO*rSiCTOS) HUL ACT AS A PfRviriTATOa 
:a.lECT!*r, the DEPRIS fRW several meters of surface area as SHtS<*i is FI(?JRE 59. AS THE PARTSCULA'E 
CCW0LATES "BEABS OF PEARLS" MILL FORM TffiJ^y^O THE StmFACES OF OPPOSITE PlXARffY, IS T|ME SRCiSS 
«!Ll TTKE PLACE THROOGH THESE "BEADS OF PEARLS” AS SHTSS I?i riCySF ?S). 



Figure »9.- Particu"'?te damage. 
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SOLID-STATE SWITCW SODELIHG 


N80-19169 


Milford D. Rabum 


The llni%<'erslty of Alahaina 
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DISCUSS lOS 

rh«.‘ object ivt' of this work is to predict volt.-iges and curronts of passive 
loads during turn-on and tiirn-of f of remote power controllers (RFC’S) . This 
report will be concerned with two devices built by kVstinghouse for KASA, a 
five iiiEpere device and a twenty ampere device. Both devices can be represented 
by the general model shown in Figure 1. When the RPC is turned on it will 
first act as a current source (position 1 of Figure 1) that supplies current 
to the passive load essentially independent of the elements of the load. This 
condition will hold until the switch saturates. The switch saturates when the 
load voltage reaches ^ which is the applied voltage minus the saturated 

switch drop of about one half volt. 

1 

Mheti the load voltage reaches , S will switch to position 2 and the 
load voltage will reBai.ii at The load current will be deter«ined by the 

.load parameters and the conditions at switching. Tlio steady state conditions 
will then be reached according to ti»e constants det€*mined by the load, liow~ 
ever if the load current remains above a certain value (approsEiaatelv 150 per- 
cent of rated current) for a period of ti»e ( appro xiaately two seconds),, a 
triping mechanism will disconnect the load. 


Wlien the RPC is turned off by the controller the load voltage will see an 

"giir 
1 









constant value V “ for a tiae, t , which Is a weak function of the value of 

L S 

load current. at sw.itehing. After the RPC will again act as a current 

scwcce. This is represented in figure I with S switching from position 3 
tO' position 4. 

The ao.del ©f figure 1 con£;a,in« a diode across the load. Usually this 
diode Is reverse biased and ca.a be ignored. However for certain inductive 
loads ft Is possible for the load voltage t© go negative. When the load 
voltage goes negative the dl^^de starts to conduct and the load current Is no 
longer tqual ij^ of Figure 1. This conduction has been considered in analyz- 
ing turn-off of inductive loads. The model will now be used to analyze the 
turn-on and turn-off of certain loads. Experiaental results will be given 
for caaparison. However, the equations of the current and voltages of Fig**--* 
1 will first be given. They are; 

I, 

i^(c) = [t OCc) - Ct - Tj_) UCt - Tj)] 

■^3 C t “* T| ) 

+ I 2 Cl - e ] UCt - Tj_) (1) 



(2) 

(3) 

( 4 ) 


R-C Load 


The circuit of Figure 2 will be used to analyze a general R-C load. When 

the RFC is first turned on i, (t) wl,l.l equal i (fc) of Equation 1. Of course 

L a 

* i, + i*. The load voltage will be given by 


hh . fir ~ 

a [{e - R 2 .CCI “ « ^ UCt) - ft ” Tj - R^Cil - e )) UCt - T^)3 

. -g(t ~ T.) -<s(t - T.) 

+ R2I2 [1 + faCR2 e - (1 - aCRj) e M] 0 {t - T^) 

(5) 
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where V^(T^) is the capacitor voltage at T2 and is given by 


I R^C(R, + R,) -&T, -S(T^ - T^) 

= (Ij + Ij) (e ‘ - e " ) 


, -S(T^ - T-) -a{T^ - TO 

* + V " - ' ‘ > «> 
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For the turn-off assume that a steady state is reached and the RPC is 
turned off at t * 0. S is then moved from position 2 to position 3. At 

1 2 

switching the voltage across the capacitor will be equal to V, > V and 

1.4 la 

hence, will at first be negative and the total load current will 

be less than The total load cu*'rent for the range 0 £ t £ t^ will be 

given by 


V/ V,^ - V,^ - t/R.C 


( 9 ) 


This equation holds until t = t^. Then 


2 1 2 - t 

V. V. - V. ^s/R.C 


( 10 ) 


At t = tg the S switches from position 3 to position 4, and 


- it - t )/t 

i, (t) = I-j e U(t - t > 


( 11 ) 


The load voltage is given by 


V^(t) 


CcTrT^Wt ''V - ' 


- (t - t^)/T 


2R^ 


-B(t - 


t.) 
s 1 


Rj^ + R2 


R,V-(T_) -e(t - t ) 


( 12 ) 


Figure 3 shows the turn-on and turn-off characteristics of the R-C load 
of Figure 2. Traces of the load current versus time are given in Figure 3(a) 
for two different values of capacitance. The corresponding traces of load 
voltage versus time are given in 3(b). 
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FIGURE 3 
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R-L Load 


The R-L load is analyzed the same as the R-C load. For the notation 
refer to Figure 4. For turn-on, the load current is given by equation (1) 

for load voltages less than The corresponding load voltage is given by 


^1 r 

^^8(Rj + 82)' ® ^ * Rj + R^ ■ ^6(Rj + R^) 


-S(t - T,) R R 

X (1 - e (t - Tj)} U(t - Tj)3 

1 2 

r hh ■ V 

2 Rj + R^ (Rj^ + - ct) ^ 


1 R2(Rj - aL) 
~L(S - a) 


-«(t - T.) 

e ^ 3 U(t - Tj) 


(13) 


Ri + »2 

where g = — — ^ 

Equation (13) is monitored to determine the time T„ that V. (t) « V. 

< ^ tat 

The load voltage will remain at for t > T^. To determine ij^(t) for 
t > the value = Ij^(T^) = i^fT^) - first found- It is given 

by 


«1 + % 


T — n 

2 g(Rj^ + R^) 


-B(T^ - T ) R 

^MRj + rP" ~ ^ ^ “ I^^Tr^ ^”^2 " 

-8(T_ - T-) 

R, Lp - R- -a(T, - T.) aR. e 

. j r £_ ^ 2 1 2 

2 \ + R 2 ■ L(S - a) ® (Rj + R^XB - a) 

Then the load current is R 

I 1 1 “-r(t - T,) 


(14) 


(15) 
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For the 
load current 


turn-off the load voltage will again be V. ^ f or t < t 

L s 

for this time will be 


and the 


i,(t) 





(16) 


At t =» t^ the switch comes out of saturation and the load current is given by 
Equation (4). To find the value of ijCt^). the value of current through the 
inductor at switching is monitored. It is given by 

.. 2 


i“ - ii(tp . - A 


(17) 


The load voltage is then given by 
I 

£ 

2 


3 - (t - t )/t 

r f -I. S 


~ t(R^ + R,) - L ~ L) e 

-6(t - t_) 


- «2^o <^3> " 


U(t - t^) 


2-6(t - t ) 

+ tR^ e ® } U(t - tg) 


(18) 


The above analysis is complete except for certain R-L loads that will 
drive the load voltage negative. If the load voltage goes more negative than 
the built-in voltage of the diode (few tenths of a volt) the diode will start 
to conduct and must be included in the analysis. For this analysis assume 



FIGURE 4 
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« ~ at t ■ Hite value of caa b« detenslned froa equation 

CIS). Agata the value of current through the inductor at wust he deter- 
sinei. This value is given by 



il«4) 





(19) 


Assiming that the diode can be wjdeled with a resistance the load voltage 
and current for t > are given by 


Vj^(t) 


-(t - t )/t -e(t - t ) 

t(R^ + R.) ~ ~ ® + TR2 e } C(t - t^) 

£ X 


hh 


R„I (T,) e 

2 o 4 


-g(t - T^> 


U(t - T.) 

A 


( 20 ) 


and 




-~=-S — -Z_ e ^ D(t *- f.) + l,[l - -T-. 

Yj 4 3*- Y^ {t( 1 + E,) - Lr 


R^CtR^ - L) 


'r 


>(t - t )/t I^Tl^ 

lJ(t - Tj) - -TI 


~$it ~ tj 
e U(t 


T ) 
( 21 ) 


figure 5 shows the turn-on and turn-off characteristics for a R-L load. 

Figure 5(a) Is traces of the load currents versus tiine for two different 
values of R| and L. Figure 5(b) shows the corresponding traces of load 

voltage versus tiae. In each case the load configuration of Figure 4 was 

used. 


All the experimental results were obtained using the Mestinghouse twenty 
ampere RPC. Two Sears Die Hard batteries were connected in series and used 
as the power supply. The control signal was from a Hewlett Packard 214 pulser 
with a pulse rate low enough so that all transients in the RPC and the load 
would completely vanish before the next pulse. 


The parameters for Equations (1) and (4) were obtained by using pure 
resistive loads and fitting experimental results to the equations. The values 


were found to be: » 0,1 a sec, 1 


amps, 


27,3 asps, 


a * 0,9 /« sec, t * t ~ K,I^ (where t »l.86« sec and I,a0,02?m sec/amp) 

S O J. O 1 

and T ■ + ^2^3 (’^here “ 0.39 o sec and K2 *0.016® sec/amp). 
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2 ffl sec/div 

(a): 


2 m sec/div 
(b) 


FIGURE 5 
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FY 79 - DEVcLOPMt?*! OF FIBER OFHCS 
CONNECTOR TECHNOLOGY FOR LARGE SPACE SYSTEMS 

Thomas G. Campbell 
Langley Resea-ch Center 
NowBiLer 8, 1979 


DEVILO PflENT OF FIBER O PTICS 
TEmfiQLQGY FOg L ARGE SPACE STRUCTURES 

QBJECUVEg 

To DEVELOP PHYSICAL CONCEPTS FOP INTEGRATING FIBER OPTIC 
CONNECTORS AND CABLES WITH STRUCTURAL CONCEPTS PROPOSED FOR 

LSST. Emphasis is puced on remote connections using 

INTEGRATED CABLES. 
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The Inheren*; 
It.*: ted below 


advantages in using a fiber optics cowauni cat ions systea are 

F/0 COmu^ICATiON SYSTEF1 OUALITIES 

“ HIGH DATA RATES 
” NO CROSS TALK 
' NO EMI 

" SECURE CfWIUNICATIONS 
** LIGHT WEIGHT 
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The LSST Electronics rfceelopwent plan is shown below. This plan separates 
the fiber optic activity from the basic connector/cabling activity that is 
ttnder the raanageraent of the Marshall Space Flight Center. 



















The fiber optics development effort for large space structures was 
initiated with a specific structured element in mind, specifically, the nest~ 
able column as shown below. Tlie F/0 connector is being developed to be 
compatible with the union joint cluster and the assemblv concept using the 
End-Effector of the Shuttle RMS. 


fiESTABIf COLUhIN 
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The requirements proposed for the Electronic Mall Satellite mission 
scenario are presented below. Also presented Is a comparison of various cable 
systems and the weight reduction that a typical F/0 system would have over 
conventional systems. 



" FREQUENCY 1 3 GHz 

" 110 CHANNELS PER STATION (6 STATIONS) 

** ^ 

* A CONTROL LINES PER STATION 

" SEGMENT LENGTH; 32.2 HETERS 
" F1¥E -REFLECT0RST ONE SPARE 

* TOTAL CABLE REQUIRa; A2.5 km (ML 666 FEET) 
** DATA RATE - 85 Mbps PER DATA LINE 

" BANDMIiTH iOO MHz 

“ BER = 10"^ 


* S/i..-43...flB 

F/0 LINES PER BRANCH : 8 



CABLE LOSS WEIGHT 


CABLE LOSS WEIGHT 

SHIELDED TWISTED 198 dB/kh 4.014 LB 

PAIR 

SEMI-RIGID 92 dB/km 11.6S7 LB 

COAX 294 944 LB 

FIBER OPTIC 20 41 LB 
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The various power and signal Installation options are showit below-. 

D Is the desired configuration for the F/0 distribution system. 


POWER AND SIGNAL INSTALUTION OPTIONS 



Option 


4S1 









Based on requirements for the EMS system and an assessment of F/0 
technology, the following critical technologies were identified. 




^ A Single Fiber and/or Multi-Fiber Bundles are required 

THAT CAN WITHSTAND RADIATION EFFECTS CIO^ RADS) AND 
TEMPERATURE EXTREMES AS WELL AS PROVIDE SUFFICIENT CORE 
DIAMETER FOR CONNECTOR ALINEMENT. 

CHO CABLE EXISTS AT THIS TIME THAT CAN MEET THESE 
REQUIREMENTS.) 


2 . 



* A CONNECTOR IS REQUIRED THAT WOULD BE COMPATIBLE WITH 
CABLE DESCRIBED ABOVE. 


An assembly concept is required for mating F/0 connectors 

REMOTELY WITHIN STATE-OF-THE-ART LOSSES, 



«a 


o 


Methods must be developed for integrating F/0 components 

INTO STRUCTURAL ELEMENTS. 



The F/0 integrated connector assembly presently being developed by 
Sockwell International is shown below* This connector assembly shall be used 
to test two coaaercially available F/0 connectors - (Amphenol and Hughes) . 
These connectors will be assembled and tested so that the various system 
losses can be determined. 


IMUGRATCO COfWCTOR ASSEMBLY 


The Amphenol 8-Channel F/O connector is shown below. 


AMPHENOL 8-CHAN5€l FIBER OPTIC CONNECTOR 





Channel F/0 connector Is shown below. 


HUGHES 8-CHANP€l FIBER OPTIC CONNECTOR 


gAYONtr MN 

O-WHGx 


INOIXING WN 


W 



After the F/0 Integrated Connector Assembly is fabricated, the following 
tests shall be conducted. 


LARGE SPACE STRUCTURES 

EfiOma XQNflECTI TESTS 
" MEASURE FIBER OPTICS LIGHT LOSSES OF 
^ PERFORM REPEATED MATE/DEMATE OPERATIONS 
MEASORE LIGHT LOSSES DURING T 
IDENTIFY LOSS PORTIONS 

MODIFY CONNECTION ASSEMBLY TO REDUCE LIGHT LOSSES 
REPEAT CYCLIC TESTS 


PREPARE TEST REPORT 
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FLEXIBLE miERlALS TECHMOLOGY 


M. E. Steucer 

Jet Propulsion Lafeoratory 
Pasadena, California 


LSST 1ST AEKUAL TECHNICAL REVIEW 


Noveraber 7-8, 1979 



OBJECTIVES 


The study program was focused at four major objectives as follows: 

First, an identification of flexible components — specific components 
for Phase II systems and typical components for a wide spectrum of potential 
large space systems, including Phase 1 systems. 

Second, the definition of the material requirements for the identified 
flexible components in terms of material types, forms and typical or 
critical properties, and the generation of applicable materials data for 
near-term systems. 

Third, the assessment of the interrelation between the characteristics 
of flexible materials and systems performance. This was to be demonstrated 
in quantitative terms for specific designs and materials of large deployable 
antennas. 

The ultimate objective of the study was the identification of advanced 
material concepts and the formulation of a plan for the required materials 
Research and Development. 

OBJECTIVES 


IDENTIFICATION OF TYPICAL FLEXIBLE MATERIALS 

SYSTEMS APPLICATIONS 
EMPHASIS ON DEPLOYABLE ANTENNAS 

TYPICAL/CRITICAL MATERIAL CHARACTERISTICS 

MATERIAL TYPES, FORMS, CAPABILITIES 
REQUIRED - ACTUAL 

SYSTEMS PERFORMANCE OF FLEX MATERIALS 

FAILURE ANALYSIS 
PERFORMANCE PREDICTION 

POTENTIAL ADVANCEMENTS 

MATERIALS TECHNOLOGY DEVELOPMENT PLAN 
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ACCCMPLISHMEHTS 


A survey of all presently defined or proposed large space systems 
indicated an ever-increasing demand for flexible conponents and materials, 
primarily as a result of the widening disparity between the stowage space 
of launch vehicles and the size of advanced systems. Typical flexible 
components and material requirements were identified on the be sis of 
recurrence and/or functional cowncnality. This was followed I y the eval- 
uation of candidate materials and the search for material capabilities which 
promise to satisfy the postulated requirements. Particular attention was 
placed on thin films, and on the requirements of deployable antennas. The 
assessment of the performance of specific materials was based primarily on 
the failure mode, derived from a detailed failure analysis. In view of 
extensive ongoing work on thermal and enviroomentai degradation effects, 
ptlme emphasis was placed on the assessment of the performance loss by 
meteoroid damage. Quantitative data were generated for tension members and 
antenna reflector materials. A methodology was developed for the represent- 
ation of the overall materials performance as related to systems service 
life. A number of promising new concepts for flexible materials were 
Identified. Work on a proposed materials R & D plan Is still in progress. 

ACCOMPLISHMENTS 


• TYPICAL REXJBLE MATERIALS, APPLICATIONS AND REOUIREMENTS IDENTIFIED 

• MATERIALS EVALUATED 

PROPERTIES 
THIN FILMS 

DEPLOYABLE ANTENNAS 

• SYSTEMS PERFORMANCE ANALYZED 

SYSTEMS REQUIREMENTS, ENVIRONMENTS 
FAILURE MOOES 
PERFORMANCE PREDICTION 
EMPHASIS ON METEOROID HAZARD 

• POTENTIAL ADVANCEMENTS IDENTIFIED 

• R&D PIAN IN PREPARATION 
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FLEXIBLE COMPOXEirTS OF DEPUJIABLE SPACE ANTQIHAS 


"nie purpose of this figure of two deployable antennas is to 
illustrate the extensive use of,,,, flexible materials in large space systems. 
Flexible components are identified by bold lines oad rigid components by 
dotted lines. Mote the predominance , of flexible tatetials. 


FLEXIBLE COMPONB^TS OF 
DEPLOYABLE SPACE ANTB4NAE 
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stowed conditions. In the case of extendible booms and vanes, both the 

surface material (film, fabric) and the supporting structural elements 
are stowed elastically. The use of metal foil for deployable drag shields 
calls for a controlled stowage configuration (wave pattern between ribs) 
to assure purely elastic deformation. 





























FLEXIBLE HATERIAL PROPERTIES 


In the definition of material requireiaents and capabilities a 
distinction Is made between basic and specific properties. Basic 
properties are those which apply to flexible materials for space structures 
in general, such as flexibility for stowage and deployment, or dimensional 
stability and resistance to space environments in service. Some components 
call for additional material capabilities, designated as specific properties. 

Emphasis was placed on thermal properties (thermal expansion, 
conductivity, cycling) , creep (particularly applicable to polymers) , 
optical surface properties, environmental materials degradation and failure 
due to meteoroid Impact. It was attempted to relate all properties to 
their individual or collective effect upon systems performance and useful 
service life. 


REQUIRED MATERIAL PROPERTIES 


BASIC PROPERTIES 

• FLEXIBILITY (ELASTICITY! 

STOWAGE 

DEPLOYMENT 

• DIMENSIONAL STABILITY 

LOW THERMAL EXPANSION 
LOW PLASTIC DEFORMATION 
NO CREEP 

• LOW DENSITY 

• OPTICAL SURF. PROPERTIES 

• RESISTANCE TO SPACE ENVIRONMENT 

VACUUM 

UV AND HIGH ENERGY RADIATION 
MICROMETEOROID IMPACT 


ADDITIONAL SPECIFIC PROPERTIES 

REFLECTOR SURFACES 

ADAPTABILITY TO METALLIC 
COATING (Ag, Au) 

SURFACE INTEGRITY DURING 
STOWAGE 

TENSION MEMBERS 

HIGH STRENGTH 
HIGH MODULUS 
HIGH ELASTIC RANGE 

FLEX RIBS 

HIGH STIFFNESS AS DEPLOYED 
ADEQUATE THERMAL 
CONDUCTIVITY 

FLEX JOINTS 

HIGH ELASTIC MODULUS 
AND RANGE 
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THIN FILM APPLICATIONS 


Thin film applications comprise active functions (RF reflectors, light 
reflectors, drag shields), primary structural functions (extensible boot^, 
inflatable systems) or structural support functions (solar array substrate). 
Mith the exception of the drag shield where high temperatures call for metal 
foil, all applications involve polymer films, either plain, metallized or 
reinforced. For antenna reflectors in the 6Hz regime the usefulness of 
polymer films is questionable, even with active shape control, due to 
progressive plastic deformation. Self-rigldizing films appear to have 
considerable potential; they are, however, completely undeveloped. 


THIN FlUW APPLICATIONS 
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PROPERTIES OF POLYMER FILMS 


The most important property of thin films for space applications is 
the resistance to high-energy radiation; the materials in the chart are, 
therefore, arranged in the order of d-»creasing radiation threshold value 
(with the exception of parylene placed at the bottom as it is unstable in 

air, yet stable at synchronous altitude). S«ae polymers, such as epoxies 
































COMPARISON OF ANTENNA MESH MATERIALS 


This chart is designed to convey an overview of the merits of typical 
antenna mesh materials. It compares the two predominantly used materials, 
molybdenum wire and polymer yarn, with the potential advanced materials, 
graphite yam, and with plain silver wire as reference. The si^ificant 
properties are electrical resistance, thermal expansion and density. As 
all materials are coated with silver or gold, they exhibit the same 
electrical.. surface properties.. The added significance of the coefficient 
of thermal expansion Is reflected in the n^rit function 1/R (silver wire * 
unity) . The superiority of molybdenum wire over polymer yarn is reversed 
if we also account for mesh weight (merit function 1/Ra) • 

Even though graphite yarn mesh is not yet available, the extremely 
high merit values make a strong case for a development effort. 


COMPARISON OF ANTENNA MESH MATERIALS 


WIRE OR 
YARN 


RESIST. 
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CTE 

W^I°C 

DENS. 

P 
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KUStiSM 
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1.47 

19.6 

10.5 

1 
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1 

MOLYBDENUM 

WIRE 

SILVER 

GOLD 

1.6 

2.4 

6.3 

10.2 

10.5 

0.92 

0.62 

2.85 

1.90 

2.94 

1.90 

POLYESTER 

YARN 

SILVER 

GOLD 

1.6 

2.4 

22 

1.6 

1.9 

0.92 

0.62 

0.81 

0.52 

5.3 

2.8 


QIQIIII 

1.6 

2.4 

1.0 

2.4 

3.2 

0.92 

0.62 

18.0 

12.0 
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FAILURE MODES 


There are essentially two basic modes of material-induced systems 
failure: (1) loss of systems performance and (2) catastrophic failure. 

Loss of systems performance may occur as the result of repetitive 
transient effects, such as excessive thermally or load- induced deformations j. 
this may be avoided by proper design and accurate materials data. Gradual 
performance loss due to intrinsic material characteristics and environmental 
effects, in contrast, is unavoidable and has to he taken in account. in the 
prediction of systems performance over the specified systems life. This 
places emphasis on the consideration of such time-dependent material 
characteristics as creep , internal (molecular) changes , environmental 
degradation and meteoroid damage. 

Catastrophic failure may occur by either of two modes: (1) complete 

environmental material degradation due to high solar activity or unknown 
long-term effects, or both; (2) unexpected meteoroid rupture of several 
redundant tension members. Since both effects are unpredictable, they 

cannot be Included In failure analyses and performance predictions. This 

is acceptable in view of the very low risk. 

FAILURE MODES 


LOSS OF SYSTEMS PERFORMANCE $oA 

EXCESSIVE STRUCT LOADS/DEFORMATION • 

EXCESSIVE THERMAL EXPANSION • 

CREEP o 

I NTERNAL MATER lAL CHANGES • 

ENVIRONMENTAL DEGRADATION • 

PROGRESSIVE METEOROID DAMAGE (-1 

CATASTROPHIC 

ENVIRONMENTAL DEGRADATION • 

METEOROID IMPACT FRACTURE {-) 
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MICROffiTEOROID FLUX 


The oeteoroid flux model, below, served as basis for the assessment 
of the -gradual loss of performance due to meteoroid damage. It identifies 
the number of hits per m and year by particles greater than the "mean 
particle diameter" for (1) "free" space (solid line) and (2) geosynchronous 
altitude (dotted line) accounting for the earth body-shielding and de- focus- 
ing effects. In this evaluation, the "JPL" data are used with confidence, 

as they have been derived from satellite measurements and have been success- 
fully used in the design of JPL missions for years. The curve marked 
Langley-Rockwell" represents flux data from the "Preliminary Handbook of 
Hear Earth Environments," April 1979 (unpublished) which differ from the JPL 
data by almost 3 orders of magnitude. 


miCROMETiROID FLUX 

IN THE NEAR-EARTH REGIME 
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METEOROID DAMAGE TO MESH REFLECTORS 


The degree of damage due to exposure to the meteoroid environment 
is determined by the number of ruptures expected within a given exposure 
time. For mesh reflector materials, the smallest meteoroid particle which 
causes rupture Is dependent on the filament (wire) diameter and defined by 
the ratio dp/d^? of min. particle diameter to filament diameter. For 
reflector meshes , a conservative value of 0.8 has been adopted, which 
accounts for some redundancy of the Invariably multifilar base materials. 
The susceptible surface area, further, is determined by the mesh trans- 
parency. 

The chart below identifies the expected meteoroid damage to mesh 

reflectors over a 10- year period. For a given filament or wire diameter 
and a given transparency the diagram permits the determination of the 
number of cell ruptures per m2 (in 10 years) and the mean spacing of these 
ruptures which, in turn, serves as basis for the prediction of the 
resulting surface deformation. 


MITiOROID DAMAGE TO MESH REFLECTORS 
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REFLECTOR DUE TO METEOROID DAMAGE 


Frogresstve 4 elor»ation ("saggiag”) of the ref lector , surface starts 
as sooo as the cuwilati'Sfe local cell 4 efor®atioas (stretchias) rfue to 
aeteorotiJ-iaduced ruptures exceed the elastic deforwatiim due to a«sh 
preload teasioa (Elastic Lialt As.. Illustrated la the d.iagraa below* 

this point can be expressed In years of service. For the selected exaaple 
of a mlybdenua wire knit with » wire diaeeter of 1.2 alls and 25 cells per 
inch (cell, sixe 1 tm) and an elastic preload deformation, of 1 S.» excessive .. 
surface defomation starts after 14.7 years of service. 

As shown by the relationships, the surface deforBatloa. .and .tiae to.;;. 
failure are..ieterBfi»®l by. the following terns: ( 1 ) aean rupture spacinf at 

time .t,.. derived ,.f row the nia^er of ruptures per year and «esh traaspaiteacy;.. 
11) local rupture deformation., as related .to cell slj:«; Cll'-llhear elastf^^ 
.preload (Ibs/ial; ( 4 ) ■linear elastic aoduius (lhs/in> and; (S) Poissons., 
ratio of the »esh. 


REFLf CTOR OEFOiMATION DUE TO METEOROID 
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ClWAElSON OF REFLECTOR MATERIALS 


The table beltm Is aesigned te convey an overview «» the m»rits and 
shortcoftings of four typical antenna reflector ra».it.erlals by BJ^'ans of 
approximiit© data for at«M>spherlc and solar light presstife, deformtion 
resulting fro® therml and raicroowteoroid enviromnents, total nuiss and 
stowablllty. All data are based on a reflector diam*»ter of !0Oa and a 10- 
war service life. 

‘nsc attslybdenuB wire knit ejchlblts the w>st favorabie' corabinatloiv of 

propertlesj its only shortcoaing is the high sensitivity to meteoroid 
daaage, leading to substantial dcforoiitl«»n. While the welded wire «esl:; Is 
fairly resistant to laetcoroid daisige and ilicrtnal deformation, it exhibits 

poor st4n,-abi I tty, A thin ftl® reflector offers the advantage of aetcorolJ 

Inscnstt ivlty, hw weight and nnparalleled stowabi *.ity; this is o*"fset bv 
4 poor tlH-ria.ll deformtion resistance and an appreci *Mc dr.ig force due tt» 
solar light presjsyre* The Ikicron weave mesh exliibits tiie ia.»st unt’avorahie 
combination properties. 

dmlEted ill this cosparlson is the resistance to dej.r.idat ion il'V, high 
ct'cryp- radiotfonl si^sce it is partially reflected In the {hrrm.i! .Icf« rsa,u ion 
propcriic.s. It leads to shift tlte ei^hasis again toward wct.il He »csh 

ttuucrl.ils. 


COftaP ARISON OF REFliCTOi MATcilAlS 
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¥Alwm OF WIRES/COROS D«E TO 
HETEtmOlO IMPACT 


In . contras t to i e t k*e tor s , t he highly stressed e«nd i t ion of tension 
aciisers is note sensitive to meteoroid iiapact, reflected In a sMlier 
daaaglng particle size. The diagram Identifies the .number,, of. ...expected . 
ruptares per k« length and year for tension members with circular cross- 
section (wires» cords* cables), as related to wire diameter and relative 
aintaum damaging particle size (dp/dy,). 

Wliile meteoroid damage in reflector surfaces p.roduc.es .a... gradual. ..loss 
ot dimensional accuracy and performance, the rupture of a tension sesiier 
nwy well he cat.tscrophlc, particularly at strategic locjitions. This 
places ef.4ph.is is on a high degree of redcndancy, either by appropriate 
sjviteri.il systems oc design a»asures. 


FAILURE OF WIRES /CORDS DUE TO 
METEOROID IMPACT 




MAXMIM SAFE LENGTH OF TENSION MeffiENS 


Even though tension m&eb&ts in the form of wires or stranded filaments 
represent only a small surface. area* potential meteoroid encounter has quite 

severe consequences since the fracture of a single tension element,, in, a... 

strategic position may cause substantial deformation over a large part of 
the reflector surface. 

The chart below Identifies the maximum length of a tension oeriber 
which may be considered .s "safe", representing an extreiBe.ly low proi ability 
,of...iMteoroid Induced fracture. For tension meafoers, a Iw ratio of ors.ci«s'^ 







HATERIAL PERFORMANCE '’REDICTU* 


It was attempted to develop a methodology for the prediction and 
comparison of the overall materials performance in a large space system. 

The adopted concept is best illustrated by the example of excessive 
deformation as systems failure criterion, as It applies to high-gain 
reflectors. For a given material, the total deformation is composed of a 
constant value due to sustained effects, repetitive maxima due to transient 
(cyclic) effects* and a steadily increasing deformation value due to tiae- 
depeadent materials characteristics as outlined in the chart at right. 

Since the total deformation or so® of these values contains a tiffle-dependent 
tem. It is equally time-related and permits the deterwlnation of the time 

at which it starts to exceed tie aaxlaajB allowable deformation enn 

postulated by sfsteiis per foraance. A very useful single value for the 
coaparison cf materials perlor»a*ce is the ratio of this ti»e limit and 

the specified systeais service life, desipiated as ’’Material Confidence 

laevel" i This value ■ -should ' ' ta ' ' any ' ' case be gre’a ter than I . ti . Ext rea«ly 

higii ■'.•.'•lues indicate the potential of desiga relaxation. 


MATERIAL mmommcE prediction 


TIME OEPENOEW EFFECTS 
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POfOmAt AWAMCEMEMTS 


a itsa^er of, promising advanced concepts, for.. 

flexible «ater:la..i.s er..»a.t,erlal aysteffis were ideiiifcif,ie4. Of particular 
.Interest .are ttttidirecti 0 nal...coiapasi£e...ta|*e.s...anrl..n!ultif.ilar''«terlal;;:sfs.t:effi§.'.':.:.' 
fo'c.V. tens ion seaber S: ■ ■ of ■ high ■ ■ Tedunda.ncy , ' "folyaer' ' ' f ilfr-based graphite ■ »esh for ■ ■ 
reflectors of high diwnsloiial stability and iRflata*ol«/self~rigidizing 
polynK?r~base naterials for a variety of structural applications (boom, 
hoops or even reflectors)* These advanced saaterial concetpts are presently 
integrated In the proposed R & D plan. 


POTENTIAL ADVANCEMENTS 


# REDUNDANT TENSION MEMBERS (MULTIFILARI 

♦ COMPOSITE TAPES IN LIEU OF STRINGS 

♦ GRAPHITE YARN MESH (REFLECTORS) 

♦ THIN FILMS/ELECTROSTATIC SHAPE CONTROL 

• MG/GRAPHITE COMPOSITES FOR FLEX RIBS 

# FHX JOINTS IN LIEU OF HINGES 

• IWLAWe-LE'Ws™^ 

• SELF-Rf GIDIZING. FLEXI.BLE.MAHR1ALS::: 

STRUCTURAL COMPONENTS 

REFLECTORS 

# IMPROVED METHODOLOGY FOR MATERIALS 

PERFORMANCE PREDICTION 
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ADVAHCED MATERIALS FOR SPACE 


4l» . • • * 


Darrel R. Tenney, Wayne S. Slemp, 
Edward R. Long, Jr. , and George F. Sykes 
Langley Research Center 


LSST 1ST ANNUAL TECHNICAL REVIEW 


November 7-8, 1979 
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SPACE MATERIALS PROGRAM 


The resources for the space materials program at Langley during FT-79 
were provided by LSST and by NASA's Base R&T program. Funds from both 
sources were used to fund two major contracts to assess the radiation stabil- 
ity of current composites. These contractual efforts represent the bulk of 
the materials program and are directed at the space durability of composites 
which is considered to be the principal uncertainty associated with the long 
term {25-30 years) use of composites In thln-gage minimum weight large space 
structures. In general, the long-term basic issues are being addressed in 
the Base Mf program while the more near-term systems oriented tasks are be- 
ing worked as part of the LSST program. The goal of the base R&T program is 
to determine radiation damage mechanisms of resin matrix composites and form- 
ulate new polymer matrices that are inherently more stable la the space envi- 
ronment. few composites will be manufactured . with, these improved resins to 
develop a class of composites optimized for long term use in the space envi- 
ronment. 

The principal thrust of the LSST program is to develop the materials 
technology required for confident design of large space systems 3 uch as 
antennas and platforms. Areas of research in the FY-79 program Include eval- 
uation of polysttlfones, measurement of. the. .coefficient of thermal expansion 
of lew expaasibn composite laminates, thermal cycling effects, atfci cable 
technology. The development of new long life thermal control coatings and 
adhesives for use in space will be' included la the LSST materials program 
next year, 

SPACE MATERIAIS PROGRAM 


8ASE R&T LSST MATER lA tS 

0 RADIATIW STASiUTY Of COMPOSITES 


0 A8S«BI0 OOSE EFfECTS 
0 EOyiVAlENCE Of e*. jr' 

0 C«ilf€0 EFFECTS 
0 WS ITU TEST REQUIREMENTS 

0 payms chemistry 

0 COSE i DEPTH f^OFIIl ANALYSIS 
0 IN-HOJSE RADIATION CAPABILITY 

0 THERMAL CONTRO. COATINGS 


0 WHITE PAINT COATINGS 
0 VAPOR DEPOSITED METALS 

0 HIGH DIMENSIONAL STABILITY COMPOSITES 

0 Gr / Mg - PR^ ERTY CHARACTERIZATION 
0 Gr I GLASS - ' YERIAIS DEVELOPMENT 
0 Sic I Ti - SELt .V£ REINFORCEMENT 

0 INOUCTICW WELDING <X COMPOSITES 

Figure 1 


0 CABLES 

0 MECHANICAL / PHYSICAL PROPERTIES 
0 MECHANICAL CREEP 
0 ENVIRONMENTAL EFFECTS 
0 PACKAGING AND DEROYMENT 

0 DIMENSIONAL STABILITY 

0 CTE MEASUREMENT TECHNIQUES 
0 ENVIRONMENTAL EffECTS 
0 PROCESSING VARIABLES 
0 LAMINATE ANALYSIS 
0 THERMAL FATIGUE OF JOINTS 
0 THERMAL CONTROL 
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LSST MATERIALS PROGRAM 


The activities currently included in the LSST materials program at 
Langley are shown In figure 2. The program began in Ft-?8 and will be com~ 
pleted during the first quarter of fY~83. The areas being addressed in FY-80 
include cables and dimensional stability of composites. These activities are 
projected to continue through FY-82 yielding the expected results shown on 
the right hand side of figure 2. The activities associated with the space 
durability of composites are largely contractual and will be completed during 
FY-80 and 81. Space durability research will continue past FY-80 but will be 
funded through Langley's Base R4T program rather than through LSST. Consid- 
eration is being given to Including research on metal matrix composites and 
composite joints in the LSST materials program. 


LSST MATERIALS PROGRAM 


PAST FUTURE 



Figure 2 
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DURABILITY CONCERN FOR STRUCTURAL C50MPOSITES IN SPACE 

A composite structural member, designed for space use, is actually a 
system of components consisting of a thermal control coating, structural 
adhesive for hoaded Joints and the composite laminate as indicated in figure 
3. Each component has specific p’-opertles which must be maintained, with 
little or no degradation, throughout the use-life of the structure. Optical 
properties of coatings will be designed to maintain spacecraft temperature 
within acceptable limits. The coatings will absorb UV, much of the proton 
flux and the low energy electrons. Coatings which undergo optical changes 
and/or spallation on exposure to the environment could result In exposure of 
the underlying composite or result in the temperature limits of the structure 
be ing. . . exceeded . 

Composites must also maintain acceptable properties through the design 

life of the structure. The radiation environment however, consisting 
primarily of high energy electrons, is expected to generate changes In the 
mechanical and physical properties of the polymeric matrix material because 
of the relatively high radiation dose level which would be absorbed for long 
term (10-30 years) missions. Crosslinking and degradation of the polymer 
matrix are expected to occur. Changes in stiffness, strength, or dimensional 
stability must therefore be considered in the initial design of the system. 

Structural adhesives used for bonded joints should be stable in the space 
environment. 

DURABILITY CONCERNS FOR STRUCTURAL COMPOSITES 


DESIRED PROPERTIES OF 
THERHAL CONTROL COATiSfiS 

0 LCi aii 

0 ABSORB UV, p+ im EN 



DESIRED COMPOSITE PROPERTIES 

0 HIGH STIFFNESS 

0 HIGH SPECIFIC STRENGTH 

(tens EON, COMPRESSION, SHEAR) 

0 GOOD DIMENSIONAL STABILITY 
(low a 

0 LOH rtlNim SAGE 
0 HIGH RESISTANCE TO MICROCREEP 
0 LON RATE OF 0UTGASSIN6 


ENVIRONMENTAL CONCERNS 

0 COMPOSITE PROPERTY CHANGES 
0 OPTICAL CHARGES IN COATINGS 
0 SPALLING OF COATINGS 
0 SPACECRAFT CHARGING 
0 LOSS OF LOW MOL. HT. SPECIES 

0 LOSS OF SHEAR STRENGTH IN 
ADHESIVE BOND JOINTS 


Figure 3 



SUMMARY OF IMPORTANT SPACE ENVIRONMENT PARAMETERS 

A majot factor affecting the selection and utilization of materials for 
any space application is understanding the service environment and the inter- 
action of this environment with the materials of Interest. The key elements 
of the space environment that are known to affect organic mate’-ials and the 
principal concerns associated with each of the major elements are given In 
figure 4. This table shows the major parameters* nominal range and reason 
for interest In each parameter. 

The major environmental parameters In the space environment are low pres- 
sure ( high vacuum) , ultraviolet radiation, ionizing radiation (e“ and p+) and 
thermal cycling. Other types of radiation exist in space, but are not con- 
sidered, at this time, to be significant. 

Each phase of the space environment can have significant effects upon 
polymer matrix structural composites. The constant low pressure for example , 
may cause dimensional changes due to outgasslng and microcracking. DV can 
cause degradation of coatings. High energy electrons may affect both the 
surface and balk properties of the composite. High proton flux may degrade 
thermal control coating efficiency. The combination of these environmental 
elements acting together on the structural element may also cause combined or 
synergistic effects. The combination of high vacuum. Ionizing radiation and 
thermal cycling can be a severe test of the materials’ ability to perform. 


SUMMARY OF IMPORTANT SPACE ENVIRONMENTAL PARAMETERS 
AND MATERIALS UNCERTAINTY ASSOCIATED WITH EACH PARAMETERS 


ENVIRONttNTAL 

FAKA/CTER 

NOMINAL mG£ 
OF PAIWETER 

lEASON FOR INTEKST IN 

PARAMETER 

VACUUM 

PRESSURE ir^IO’^Vo 

VACUUM 0UTGASSIN6 RESULTS 
IN LOSS OF MOISTURE AND 
SOLVENTS RESULTING IN DIM- 
ENSIONAL CHANGES 

ULTRAVIOLET 

WAVELENGTH 0. 1-0.4 im 
INTENSITY 1.4 Kw/rn^ 

DEGRADATION OF COATINGS 

PROTONS 

ENERGY 0. 1-4 MeV 
FLUX 10®P’'/ati^-sec 

DEGRADATION OF COATINGS 
AND SURFACE PLIES OF 
COMPOSITES 

ELECTRONS 

ENERGY 0.1-4 MeV 
FLUX I0%'/ot!^-sec 

SURFACE AND BULK DAMAGE; 
SPACECRAFT CHARGING 

TEMPERATURE 

CYCLING 

MATERIAL TEMF 
80 K TO 420 X 

MICROCRACKING. THERMAL 
WARPING. DETERIORATION OF 
ANTENNA GAIN DUE TO 
SURFACE DISTORTIONS 


Figure 4 
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ENERGY DEPOSITION MOM THE SPACE RADIATION ENVIRONMENT 


Tr Iwlly understand the effect of space radiation on the properties of 
composite materials, it is necessary to know where the radiation is absorbed 
In the composite. Calculations ar-* being conducted to determine the deposit- 
ed energy density averaged over macroscopic dimensions and thus determine the 
dose gradients as a function of orbital parameters. This information Is use- 
ful for selecting exposure conditions for ground based simulations of GEt>. 
Effort Is also being directed at trying to find a LEO orbit which woald give 
an absorbed radiation dose similar to that expected for GEO exposure. A long 
term materials flight experiment In LEO Is preferred to one in GEO because of 
the possibility of periodic Shuttle rendezvous to remove and replace spect- 
aens . 

Energy deposition on... a microscopic scale is also being examined.. .in.. .search 
of possible anomalous effects due to the proton track structure. The energy 

distribution over the molecular unit must be known to fully understand radia- 
tion damage Kchanlsas. The source strength of specific. ...chemical precursors 
will be estimated along with the density of volatile products formed. 


ENERGY DEPOSITION FROM THE SPACE RADIATION ENVIRONMENT 


• Macroscopic Energy Density as a Function of Orbital Parameters 


1. Determination of energy density gradient 

2. LEO simulation of GEO 

3. Laboratory simulation of GEO 


• Microscopic Energy Density Distribution (Relative Electron -Proton Quality) 


• Energy Oistrioution Over Basic Molecular Unit 


• Source Strength of Specific Chemical Precursors 


• Calculation of I nitial Source of Volatile Products 
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DOSE FOE TYPICAL TEAPPED RADIATIONS IN THREE ®OMETRIES 

The dose for typical electron and proton spectra is shown as a function 
of depth from the surface in the different geometries. The sphere and slab 
geometries were chosen to bracket the exposure in any other geometry. The 
cone was taken as a "typical" geoaacry. Dose gradients will be calcuated 
using these techniques as a function of orbit parameters to estimate the 
absorbed dose for long term exposure in the space environment for specific 
structural elements. 


MSI rot TYPICAL rtAPPtO RADIATIONS INTHME CEOMETRItS 
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iailcates that the peaetratisai of electrons with initial ener™ 
0«2 and 4,0 Mev is llnearlf depeadeat am the energy. Ihe alr- 

f, mM hence the electron, depends <m the 

electron's initial energy and the asterlal thickness. A resin thickness of 
0.05 cm (approxiMtely 4-ply composite) would capture electrons with Initial 
energies less than 0.25 Mew and absorb approximately 0.31 Mev of energy from 
electrons with initial energy s greater than 0.25 Mev. Similarly, resin 
thickness of 0.25 cm (20 ply c»mposite) would capture electrons with energies 







EFreCTS Qf ELECTRON mn Gmm RAfilAtlOS m 
FLEXURAL FROPERtlES OF CC^WStfES 


A «wideway....to. c-o«pa.r« tbe.. effects ©f electron . atifi .ra4ia~. 

t:ion m the fleKwral properties of graphite/polyaer coaposltes. The electron 
energy in 0.5 MeV, flie ga«*w aonrce Is CoKslt~60» Tlie test s^clwem* are 
A“ply Miatrecttonil graphite/polyaer coapesttes nMch aeasure 2.34 x 1.27 
c«« Tlw flexural property iwcasuremeats are aade with a three-point bending 
...fixture... S.pe.cic««s.... are . predr .led to rewoee wolsturc. For the electron expo- 

sures the speclaens are Inserted In thin-walled «eraJ. eacuum bags and re«ote- 
l.t Inserted Into and removed fr«i the electron bean by s conreyer k».lt sys- 
tea. For rte ga«te expos-ires, the fifteen centimeter exposure cell. Is main- 
tained under mcunm during exoosure. Toe specimens* flexural properties are 

.la«eAla.tely tea ted.... upon .comp .let Ion of exposure. Flexural property testing 

after electron exposure has been coi«locted for two coiaposlt-i mterials: 
T3^/5208, a graph lte/ej»xy, and C6OO0/PMR15. a graphite, polylmlde. For 
grispbite /epoxy the strength and modulus increased for total doses up to 
2<5(10)® rads. Similar Increases for other aatertais have bee«i attribute to 
c.r..»s.s....co.«.p.llng.. . A.bo.ve. 2...5{.10,)®. rads, the l.'^ctease diminishes possibly due to 
onset of chain scission. The gr •'ilte/poiylmlde composite showed »re radia- 
tion resistance. '*'he changes In ilexural properties following gcwa exposure 
haee""t1.e' S'iimc 'trend with respect to total dose. How»*vsr, the peak Increase 
tKCurs at a lower dose. The siiidr will conllnue with Keaseremik'iits of changes 

in... f.lc.xu.td.l.... proper ties for larger radiation doses, similar to that expected 

for 20-30 peara cf space exposure at CEO. 









Figure d 
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railatl« sf»ei'§iHtic affects. Tte traiwiilss toil spectra for eiectrott irradi- 
ated were tA«n « a Carj~M spKtroweter. ISie ap«*tra show tha~ 

pe,r»aaent aolecolar structure chae^e has occur red because the absorptloa of 
OT has aiwst daohied. 

DECREASE IN OPTICAL TRANSMISSION OF H-FIIM AFTER AN 
ABSORBED ELECTRON DOSE OF 10^ RADS 


t 



Pecrtjse In 




EFFECTS OF ELECTROS RABIAtl^ m 8hflLM AS [®TE®fI!SE» Bf XSFRAIUED 

SPECTROSCOPT 


lafrared (II) spectroscoi^ aneasures a ■aterials traasalsslcm or reflec- 
tion of electrowagnet ic radiation wavelength from approximately 2 to 25 mi- 
crons* This range of wavelengths correspcmds to the energies required to 
cause molecular lx»ads to vibrate, therefore, the Tratrlation In transmission: 
(ateorptioa) of the 11 radiation with respect to 11 wavelength is a descrip- 
tion of the bonds within the laolecular structure. The II spectra slw>w» below 
are for an H-fil*. The spectra are shown for before, at the tail end of, and 
five mliiutes after a 6 leT electron dose of 10^® rads. The boiuls responsible 
for the. spectra are identified. M example molecular structure for 1-f il*. ..is. 
gtweB...whtch shows idiefe... such bonds «cur. The spectra show that transmls- 
ston increa.sed when th« polywec film was Irradiated with electrons and con- 
tinued to increase after electron radiation. An Interpretation of the in- 
crease Is that the number of bonds have decreased, that is the molecular 
structure has been damaged. In particular, the number of aromatic ether 
bonds, C-O-C, Is the most affected. Thm this ..bond. «y he tte *«a!test link 

In the backbone of the polymer dhain. A port Ion... of spectra is slwwn in the 

lower right for a The spectnj* for after radiation appears to 

have nearly returned to pre radiation conditions, tecovery after a lO^ rad 
radiation dose has also been observed for mechanical properties of the film. 
The two forms of observed recovery may correspond to one another. If an, 
then permanent changes in aechanical properties may occur for doses larger 
than 10^ rads where the It spectra were f^ramieatlf altered. 



i i ? a ? » It 12 1} rt tt 




— ~ — ttht* fWctron Stiiitmi 

- fml IniS 9f SitiMm 

S S«at« 



Figure .10 
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RABIATIOII SMSUIE OF OSHPOSltE 


The objective of this research is to provide slaolated space radlatlon..eE-- 
posiire of a variety of laMoated graphite fiber reinforced polymeric auitrlx 
coaposites. The effects of radiation on the mechanical, chealcai and physl- 
cal properties will he evaluated to assess the space durability of these 
materials and to determine If synergistic radiation effects are significant 
for composites. The radiation eiqpMSSure pmgrm Includes both individual, 
simultaneous and se<|uential exposure to 300 Ie¥ electrons and/or 2.0 MeV pro- 
tons with Ouences to 2x10^ rads {absorbed dose) at specimen temperatures of 
25®C and 120*C. These data will be used to dtetewlne shether radiation dam- 
age due to simultaneous electron and proton exposure Is greater than due to 
sequential electron and proton exposure. Synergism has been verified in the 
optical properties of thermal. ...control. ..coatings but data could be. fouixl in 
the literature for mechanical and physical properties of composites. 


RADIATION EXPOSURE Of COMPOSITE MATERIALS 


CIJECTIVE: TO PROVIDE RADI ATI OH EXPOSURES OF COMPOSITE MATERIALS FOR EVALUATIOH OF 
SPACE RADIATIOK EFFECTS OH f€:C««ICAL. CHEfWCW. i PHYSICAL PW*ERTIES 

CAPAS! y TIES: 250-300 KeV e~; 2.2 »¥ p*; e‘ ♦ p*i 

p* - €*; e' * p'^i mm m.A - 20 «. oio.i 
FLUX TO: 5 X 10^^ e"'/c^-sec Of pVca^-sec 


TESTIH6 PiPGRA?! MTERIAL SYSIEHS 

EFFECTS OF; T300/93i| 

TYPE OF PABlAllOh T3KI/5208 

SIMGLE, COWIHEB AiD SEOttWIAL EM»C$LRES T3M/POL¥S0LFO*iE 

TOTAL IX3SE CELIOH 6000/PKR15 

IXBE RATE 6Y-70/E795 

SPECIFY TEfKWTyfC GY-70/77AO GLASS 

LOAD m SPECira NEAT «SliS 


F.lgure .1.1 
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RADIATION EXPOSURE TOST HETHODOLOGY 

The objective of this research prograe is to evaluate the effects of 1*0 
Me¥. electrons . <»i composite materials ln~sita, ia-air and in-vacusai to Aeter- 
atoe the effects of post exposure test conditions and to evaluate the effect 
of continuous versus interrupted radiation exposure on ete degfadatl<m of 
conposites. A series of approxlaately 10 exposures of 3 coaposites (18 spec- 
iaens/exposure) to 2x10^ rads of 800 Ke? electrons will be conducted with 
substrate teaperatures of 25*C and 120*C. tM post irradiation tests will be 
conducted l«”Situ (during irradiation), in-vacuua and in dry air to deteraiae 
if future testing can be conducted in dry air using conventional laboratory 
a»chaaical property testing equipsaent or If these tests will requtre expen- 
..slve vacuua test equipsseat. These data will also evaluate the effects of 
...continuous versus Interrupted radiation exposure on the degradation of coapo- 
:.sites« fart of these exposures will be perforeed for 8 hours /day over a weA 
aod some, conttaaously for 2* hours/day for the same total hours. 


RADIATION IXPCJSUiE TEST WEIHODOlOOY 
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IHVrESTlGATIOK OF DEGRAJOATION MECKAKISMS IN O)MP0SITE MAf RICES 


The objectives of this pfograa are: (1) to establish the aeehanlsos of 

degradation for composite matrices aod to provide data to predict the loog- 
ferm durability of composites in geosynchronous orbit; (2> to establish the 
feasibility of using current thermal control ..paints for OT protec-.^ 

t ion of composites. 

One technique used *"o establish the damage mecbanlsm Is to collect the 
gas given off during iriadiation, analyse both the condensible and mja-coa- 
denslble constituents In this gas ai»d relate this to the known, polymer, .ciw 

pou.nd* T^is:::ts: Mtng:::perfor«ed on films of the composite matrix material and 

the c©a#asttes« 

Other tests to be conducted include: ultimate flexure, tension and ,c«r- 

p.resslon strengths; dynamic s»chanlcal analysis (modulus) ; electro «lcro~ 
.scopy surface studies, mi other tests to determine the extent of crossltiit- 
ing where applicable. 


PRCSlWt SCO€: 

3 TASK I - ESTffiUSb ME: MOIIWISHS OF l€68A0AriOi » P 
BURfilinf OF COT^mS W GEOSmHRt^OUS ORBIT 
0 TASK II ~ ESTABLISH THE eF..USIH6 CURKHT l». »g/e. t«E«AL..ailTf«L.. 

.. COftTWS »R U¥ PWTEaW OF COffOSITES 

TESTING RRQSPjg! 



fCCHAHICAt PROPERTIES {FLEXURAL, XWfCSSiON’l 
DYNAfliC «CHA,*IICAL ANALYSIS (MA) 

SiJff ACE STUDIES (ELECTRON KICROSCOPY) 

lx!. FORMATION « SOLOTIOli VISCOSITY (IF APPUCABLE) 

6EL PE^EATION CHROWTKRAPHY (IF APPLICAELE) 


Ftl^re 13 
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Ailoo siusE miwm si3s/w mmm mmosim fsmsim mm 

fb%«Bai control coating*. ,.wl.ll be TegolrM-'tO'-'-ffliaiwlte tie t«#per*.twr«, 

"wrlat,toa"li!i" large .space.. *;ti^tiir«« ■■ ^a»i■ ■■ theraal «paa«l«». of 

these structace*. fart of the stagy of coating aftpllcatloo to coaposlte* 
«Ks to eaalaate prlwsrs ohlch woaM proBote adhesion to c^wnposltes elthosit 
reqatrl*^ abrasion of the c«apo«lte surface. A grcaip of prlaers mm experl- 
•eata.l.lf ewlaatei aai tl» AllOQ primr prooeg to be the best for all types 
of composites. IM* prli^r mm mmhrnqmmtly eoalaated using ahr»le4 »i4 
wm-^raded awd the resolts are shown ln...thls...£lpire. the oon- 

abraded surface performed as well as the...abr»d«4...sarface. in each a«|.hesloa 
test. This significantly reduces t.he...tlae a.ai cost of appl.tcatl*» of ufclt^ 
paints to composites* 

The effect of coating thickness on solar absorptance was also evaluated 
for S13C/L0 applied to a selected group of graphite reinforced resin matrix 
composites Including epoxy, polysulfone aiui polylmlde resins. As the thick- 
ness increased from 3 alls to 10 mils, the solar absorptance decreased from 
approximately 0.29 to 0.18. This demonstrated that a low solar absorptance 
can be obtained with typical white paints over graphite reinforced compo- 
sites.. 


Aim SOME Pftiffl) Sllfi/LD CMTO CQffQSlTE ADHESIQM TEST 



(Abraded Surface vs. 

Non ABRADED Surface) 



Coating 

Tmic.kne.ss 

Liquid N* 
.Test 

72 HR 

Test 
2 PT hr 

Smisimii! 

UN.J 

U2 HR CURE) 


Xyjfc..., 

5208 /T 300 

AiO .007 

Pass 

Good 

Good 


m»m 

Pass 

&I0D 

Good 

3501-6/AS 

a>Q .008 

Pass 

Good 

Gmd 


il0,M7 

Pass 

fcoi 

&0D 


A)0.(M3a 

Pass 

Fair 

Fair 

coon 

Celiqn 6000 

S> 0.010 

Pass 

Fair 

Fair 

?m-is , 

A)0.00& 

Pass 

Good 

Good 

Celion §CX1 

i)0J07 

Pass 

Good 

...Good 


•aI Mmmti mwhm 

fi) Nonabraoed surface 


Abradins surface does not appear to enhance coating adhesion. 
Solvent cleanins appIars adeouate. 

Figure 14 


499 



Mmmionm. sta uliw of sfRucroML composites 


The performance characteristics of many of the proposed space cosBonica- 
tion antennas and space-based laser systems are dependent on tl® dimensional 
Stability of the supporting structure. For these applications, the thermal 
properties of tte materials should include: high thermal conductivity CK(t), 

high specific heat <Cp), and low coefficient of thermal expansion. These 
parameters are important because thermal cycling Is one of the principal de- 
sign considerations in development of good dimensional stability,. ...The cycl- 
ing results from shadowing of structural elements by other structural ele- 
ments, from orbital movement fro« sunlight to earth shadow, ami for some 
appMca.tlon8...fr«« electrical power heating. 

Thermal cycling must be controlled so that total system deflections and 
thermal loads can be minimized. Frc« a material point of .view.,., thetmal... cycl- 
ing control can be accomplisbed by two basic methods: (1) selecti*^ a mater- 

ial system with a low or s«ar zero coefficient of thermal expansion. (CTl), 
.(.2).. ..controlling... the felta temperature through appltcatlon of »tertals coa.t- 
lags or through careful surface preparation such as polishing. 

Lai^ley*8 program in this area is basically directed. ..at ...analyt.lcal calcu- 
lation and measure«nt of coefficients of thermal expanslwi of resin matrix 
cooiposlte laminates and the effect of thermal cycling on CTE. Ibeimal cycl- 
ing is . . .known. . . .to. . . .affect. . . .the . CTE of - certain -- composite laminates presu«ibly be- 
cause of microscopic damage to the composite. Mso measurements made on 
small specimens have not always agreed with measurewents made &a «jch longer 
structural elements. These factors will be investigated In this program. 

mmmimfiL stabiutv of st»>ctu«ai tmmim 

fiiJECTIVE i DEVaOP ««.¥!! Ca AMD ElS>ERI«ENm rCCHItiayES TO ACXURATELY PKBICT 
TOE Blf€NS!Wa STABIUTY OF UM CTE STRUCTUiAL CaWSITES SOSJECTEB 
10 THE smC£ EN¥IM««T. 

A PPROACH : {^SEARCH PROGRAK MILL BE A JOIHT IN-HOUSE AH0 6R«T ACTIVITY WITH THE 

PRINCIPAL THRUST DIRECTED AT 0ETERWNIN6 THE CHWSES IN CTE OF COfWSITES 
DUE TO ENVlROfNENT EFFECTS. 

0 ENVIK^fCNlAL VARIABLES TO BE STUDIED 
0 TEhPERATUK 
D TICRRAL CYCLING 
0 LOAD 

0 PARTICULATE RADIATION 
0 HEASURENENT TECHNIQUES 

0 LASER INTERFERtffTER 

0 S1HUL1ANE0US LASER INTERFEROMETER AND STRAIN GAGE MEASUREMENTS TO 
ASSESS ACCURACY OF LIIERATUIC DATA 
0 CORRELATE ANALYTICAL PREDICTIONS KITH EXPERIMENTAL DATA 

Figure 15 
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PMCISItti::MEASCRB«IMf m WlMa 1U»S10S .OF OOITOSITES ' . , . . 

Moir«''tnfeetf#r*«try--'fw.8 '8«l«ct€4 m th« fflea8»reaettt'"£ecti»iq«e 'for Cfi- of ■■■■ 
composifc©* .for t;li@ tmmmA. .listoi:. ta' ffgore--16i '-'-'v.Motre ■Itttofte d'«*- ' " 

serifed hero Jiff ©rs fro» that of ...classical Moire^...sl:ral«. .aeosureaeat tech- 
nlqoea to ■that...-.a.....f .rlago-.-aMll ipllcatloa techaiqw' .is Oiipiofed this alloi^' a 

T&Mtimlf coarse : phase ..®C4t tog to he applied - to ■the...sfecl«eo «hlle .uttlirlog 

the ..resalotien c.apaMllfcle8 o£----a: i 0 wch fitter re'M gratlaf * .. .for. ..this 
study ©...teference irattng^ 12M llnes/aa ( 3t»W lines /io) on... a fused 
silica blank . was furchased fro« lausch. 4 t»«h. Aa Xtl sillcoa rubber ..phase 
gratlag.-ls »plicated Mto the specimen surface using a 600 line/ss® (...15*000. .. 
lioes/ln) phase grating on a photographic glass plate. The specliaen grating 
is approximately 0.025 an thick and the ratio of Young’s modulus of the grating 
to that of the composite is 10“^ to lO”^; thus any reinforcement effect is con- 
sidered negligible. The specimen is mounted in an environmental chamber capa- 
ble of . . .cycling bc.t wen. . .+1S0®C aad — .150®C.» A- f im mlllisa.tt. . .te<^Se.. . laser - is 
used to illumlnat a "..e specimen. Measurements are made by counting fringes 
hetweea. two gage marks . cas t in the gratiag.* ' ' ' giying ' . a . . s.train. . .:resolut ion ©f five: : 
tttleros train. 


PRECISION MEASUREMENT OF THERMAL EXPANSION OF CC^POSITES 

Moire Interferometry 



Own 


Advantages 

c nitjfftf dfjWTSiCfc » fe»F*£I SISPlAOMtfSS 

5 ts mmmmi to fi* n 

«506»t»»f 's*-«***s ttutno* 

■ ■ s mi- -f «io' 'Oisis lii&uoiiw Ewcn ■".... 

■■« NtSUOimt 

B uifrfttiY Of tu.mm "was 


Figure 16 
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COEFFICIENf OF EXPMSIOS AS A WmCtlOH OF 
LAMINATE CONFIGURATION 

Laminate analysis is feeing used to calculate the effect of fiber aisorl- 
entatlon and inhomogeneous fiber volume content on the coefftclenc of theraal 
expansion of a number of different composite laminates. The above factors 
can produce unsyrametric laminate configurations i^ich cause a coupling be- 
t%^en bending and extensional behavior. This means that surface stratim wli.i 
not be correctly predicted by only a laminate coefficient of acpanston, but 
that a laminate coefficient of curvature must also fee used in the predic- 
tion. By using laminate analysis, the above factors may be easily and quick- 
ly studied to determine their Influence. Another Improvement that has teen 
incorporated into the laminate analysis Is the temperature dependence of the 
mechanical and thermal properties. This more closely simulates tte real 
material behavior. 


CttFFICIENT OF E3CPANSIW AS A FUNCTION OF LAMINATE CONF I GURAT I « 





CABLE TECHNOLGOY FOR TENSION STABILIZED STRUCTURES 


A coiOBoa elesent In many large space structures is the long deployable 
cable. Many of the advanced concepts for large space antennas are baaed on 
tension stabilized structures idhere the mesh surface of the antenna is main- 
tained to a prescribed shape by tensioning cables. Deployable antenna appli- 
cations required cables with the following general characteristics: low GTE 

throughout tempetature range j non RF interfering (low loss tangent and die- 
lectric constant)! deployable fro® spool at low temperature extremes; compat- 
ible with cable manufacturing equipment; high effective modulus at low pre- 
strains; minimal creep with age and space exposure; high UV resistance; 
stable upon moisture dry-out, minimal hysteresis; and non self-abrasive. 
Quartz historically has been the most successful material for deployable 
antenna applications and will be the prime candidate for new antennas. How- 
ever, high aodulus graphite fibers will be seriously considered for all futu-e 
applications particularly where RF interference is not a prime requirement • 

The objective of this effort is to design and develop cable technology 
for multiple use requirements in antennas or other tension stabilized struc- 
tures. A variety of cable fibers, both quartz and graphite, and construc- 
tions will investigated in this study. Cables will be manufactured and 
tested to determine their mechanical and physical properties, effect of space 
environment on these cables, and ability of these cables to be spooled and 
deployed. 

Ttmmim'i mr wiis.iim sTAaiuztD bUtiOUHiS 


UEVtLOP RllilW tttlSHT km mi CABLES WITH HIP STIFFNESS. 
S1EEN5IM. AMD DIMENSIONAL STABILITY WHICH CAN IE mKILf 
PACICA6EU AND READILY DEPLOYED It SPACE. 


BLRNE ANTENNA CABLE KEQU! SEMIS 
0 STKEMtlH, SIIFENESS 
0 LIE. LHEEP, HYSlEKESIS 
PACKAUMG AMD DEPLOWEMl 
a SPOOL! JACKETING 
0 CABLE SELF'ABRASiON 
hE liittREEHtNCE 





^ 










y. 
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• COHIINIO LOAP/V'AtUDM/IJV RADlAHOli flSlS (W KEVLAR 

« COMBINED VACUUM/IHESMl, CYCLING lESlS EON CABLE STROCTURAL CREEP 

• immi CYCL1N6 m iisiiw of cable fastemers 

CANOIDAlt MATERIALS: OUAIt^, GRAPHITE, KEVLAR 

Figure 18 
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SUMMARY OF FY-79 LSST MATERIALS PROGRAM 


NASA has identified numerous concepts for large space systems; communica- 
tions and power transmission antennas and platforms for scientific experi- 
ments are of current interest. Advanced filamentary composite materials have 

the. ..potential of providing extremely lightweight structures for these appli- 
cations. There are, tewever, a nunher of technology needs associated with 
the long term use. of organic matrix composites In the space envlroament. 
During FY-79 the LSST materials program, has addressed various aspects of K»st 
of the material technology needs Identified. Because the long-term durahili- 

ty of composites in the space environment is a partlcularlf .loag....le.ad t.lme 

area most of the IY-79 resources were used to initiate. ..programs. ...to.. ..obtain an 
early sssessment of the space duraMllty of composites to scope the nagaitude 
of the problem and to assist la the planning of a base l&T program to work 
this area. 

Programs sere also undertaken to improve thermal control coating techno- 
logy for composites, aeasurement of thermal expao.sion of composites, and de- 
velopment of high strength lightweight cables for tension stabllixei struc- 
tures. During FY-80 the" LSST aaterlals ' ' program will "be focused . . .to. . . .sddres.s 

cable technology and dimehsloiial" stability’ of composites. 


SUMMARY OF FY-79 LSST MATERiALS PROGRAM 


0 RADIATION EXPOSURES OF RESIN MATRIX COMPOSITES UNDERWAY ON CONIRACT 
AND IN-HOUSE 

0 OOSEIDEPTH PROFILE CALCULATIONS F« ELECTROS AND P«teCt»i5’’’!’N COMPOSITE 
UNDERWAY 

0 LOW ENERGY e‘ AND HIGH ENERGY p+ COMPARATIVE STUDY UNDERWAY 
0 WHITE PAINT THERMAL CONTRtt COATINGS SUCCESSFULLY APPLIED TO COMPOSITFE 


0 .MOIRE INTERMOMETiR SYSTEM DESIGNED 10 MEASURE GTE OF lai^ EXPANSICW 
COMPOSITES 

0 HIGH STRENGTH, DIMENSIONALLY STABLE CABLES UNDER DEVELOPMENT FOR TENSION 
STABILIZED STRUCTURES 

Figure 19 
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